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Abstract 
Thermo-acoustic devices are systems which utilized what is known as thermo-acoustic effect 
to convert thermal energy to acoustic energy or vice versa. Thermo-acoustic conversion 
consists of using a sound-wave for the transfer of heat from a low to high temperature medium 
or the use of heat energy to generate a sound wave. Both the absence of moving parts and 
simplicity of thermo-acoustic systems demonstrate that they have the potential for developing 
low-cost power generators. Many existing studies have pointed out the acoustic-to-electr ic 
potential of thermo-acoustic systems. Hence in this work, a thermo-acoustic system have been 
developed in order to get an insight into the designing of the system with respect to the 
geometrical configuration. Thermo-acoustic system could utilised low grade waste heat 
commonly released into the environment by many industrial processes. However to meet 
laboratory requirements and create a comfortable working environment, the heat source has 
been replaced by an electrical source.  
This work describes the development and assessment of a four-stage thermo-acoust ic 
electricity generator that demonstrate the potential of conversion of waste heat into useful 
electricity. An experimental investigation into the effect of the heat source on the potential of 
the device for electricity generation is conducted. The magnitude of the sound generated by the 
engines, the onset time and the magnitude of electricity generated by the electroacoust ic 
converter have been considered as performance indicators for the device developed. This 
dissertation provides details of the experimental investigation that consist of measuring the 
temperatures, the frequency of the sound-wave and the acoustic power generated using 
thermocouples and sound level meter coupled to data acquisition for signa ls processing and 
visualization. Single stage thermo-acoustic system was tested separately and produce an 
average maximum sound pressure level (SPL) of 136.3 dB corresponding to an output voltage 
of approximatively 834 mV. Second stage was added into the travelling-wave loop and they 
produced an average maximum SPL of 170.3 dB corresponding to an output voltage of 
approximatively 1.55 V. Third stage was also added into the loop and they produced an average 
maximum SPL of 194.3 dB corresponding to an output voltage of 2.362 V. Fourth stage was 
also added into the loop and they produced an average maximum SPL of 219.3 dB 
corresponding to an output voltage of 4.218 V. The total length of the travelling-wave loop is 
3560 mm, and each engine stage is placed at a mutual distance of 640 mm away from each 
other. The actual engine’s overall efficiency was found to be 11.25%. It appears that four-stage 
travelling-wave thermo-acoustic system could potentially be used for the conversion of low-
grade heat into electricity.  
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Nomenclature  
Latin letters  
Symbol  Description  Unit 
A Cross-sectional area  [m2] 
a Speed of sound  [m/s] 
ƒ Oscillation frequency  [Hz] 
P Pressure  [pa] 
d  Diameter  [m] 
L  Length  [m] 
m Number of wire  [wires/m] 
D  Depth  [m] 
Ԛ Heat  [J] 
rh Hydraulic radius  [m] 
R  Gas constant  [J/(kg.k)] 
T  Temperature  [K or ºC]  
t Time  [s] 
m Mass  [Kg] 
Pr Prandtl number   
K Thermal conductivity  [W/(m.k)] 
m Number of wire per unit 
length  
[Wires/m] 
𝑞 ̇ Rate of heat transfer per unit 
surface area  
[W/m2] 
𝑄 ̇ Rate of heat transfer  [W] 
rh Hydraulic radius  [m] 
V  Volume  [m3] 
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Ẇ Acoustic energy flow  [w] 
TH Temperature of XXH [K or ºC] 
Tm Mean temperature  [K or ºC] 
Tc Temperature of CHH [K or ºC] 
CP Specific heat capacity [J/K] 
∆𝑡𝑚 Mean temperature difference K or ºC] 
 
Greek letters  
δ Penetration depth  [m] 
ρ Density  [kg/m3] 
φ Volumetric porosity   
k Thermal diffusivity  [m3/s] 
υ Kinematic viscosity  [m2/s] 
μ Dynamic viscosity  [kg/m.s] 
λ Acoustic wavelength  [m] 
ω Angular frequency  [rad/s] 
α Absorptivity   
ϒ Ratio of specific heat   
𝛿𝑘 Thermal penetration depth  [m] 
𝛿𝑣 Viscous penetration depth  [m] 
ρm Mean density  [kg/m3] 
 
Subscripts  
Max  Maximum  
Min  Minimum  
Reg  Regenerator  
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Definitions/ Abbreviations  
TAE  Thermo-acoustic engine  
TWTE Travelling-wave thermo-acoustic engine  
SWTE Standing-wave thermo-acoustic engine  
FBP Feedback pipe  
HHX Hot heat exchanger  
CHX Cold heat exchanger  
ALT Alternator  
AHX Ambient heat exchanger  
TA Thermo-acoustic  
DAQ  Data Acquisition system  
WHTAE Waste heat driven thermo-acoustic engine  
COP Coefficient of performance  
CTR Critical temperature ratio  
TBT Thermal buffer tube  
FFT Fast-Fourier Transformation 
SPL Sound pressure level 
CFD Computational Fluid Dynamic  
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Chapter 1: Introduction 
---------------------------------------------------------------------------------------------------------------- 
1.1 Overview of thermo-acoustics  
There is a possibility to utilize the temperature differences obtained from a solar vacuum or 
waste heat in the range of 70 – 200℃ in order to drive thermo-acoustic engines (TAE) [1]. In 
order to reach such low onset temperature difference and apply this technology, hybrid 
configuration made up of multiple thermo-acoustic cores placed close together can be utilized 
in one engine to lower its onset temperature without affecting negatively the power density. A 
four-stage travelling-wave engine can be incorporated into a thermo-acoustic cooking device 
in order to generate some electricity while cooking. A four-stage travelling wave thermo-
acoustic generator is depicted in Figure 1.1 [1]. A typically multi-stage thermo-acoustic system 
have the following main components: regenerator, heat exchangers and resonator.  
 
Figure 1.1: Schematic of a four stage travelling wave thermo-acoustic generator (adapted from ref. [1]) 
The word thermo-acoustic is a combination of the two words, thermo meaning heat, and 
acoustic meaning sound. Thermo-acoustic technology deals with the interactions between heat 
energy and acoustic field, and ultimately, the resultant thermo-acoustic energy conversion 
effects [2, 3]. Thermo-acoustic devices are systems which utilized what is known as the thermo-
acoustic effect to convert thermal energy to acoustic energy or vice versa. The direction of 
energy conversion depends on whether the system is a power producing type (a thermo-
acoustic engine), or a power consuming system (a refrigerator or heat pump) [4]. Thermo-
acoustic systems can be externally heated with various sources and are capable of utilising low-
grade thermal energy such as solar thermal energy and industrial waste heat. Thermo-acoust ic 
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conversion consists of using a sound-wave for the transfer of heat from a low to high 
temperature medium or the use of heat energy to generate a sound wave. Both the absence of 
moving parts and simplicity of thermo-acoustic systems demonstrate that they have the 
potential for developing low-cost power generators [5]. The purpose of thermo-acoustic system 
is to maximise acoustic power production within the thermo-acoustic core while minimis ing 
the acoustic losses in the resonator. One of the main issues with current thermo-acoust ic 
engines is low efficiency, which is largely attributed to acoustic losses in the regenerator and 
resonator [6]. 
 The stack and regenerator (generally sandwich between heat-exchangers) are considered as 
the main components affecting the efficiency and the performance of the engine and the 
refrigerator respectively [7]. In order to characterise the energy conversion within the device, 
the coefficient of performance (COP) defined as the ratio between the cold power and the 
acoustic power generated by the engine is normally measured [7]. The regenerator is made 
from porous material such as steel wool, metal gauze or metal foam, honeycomb ceramic, in 
which heat can be stored for a period of time. The porous material is generally referred to as a 
“stack” in standing-wave thermo-acoustic systems (where the phase difference between 
velocity and pressure is close to 90°), and as a “regenerator” in a travelling-wave systems 
(where the phase difference between velocity and pressure is close to 0°) [8]. Two heat 
exchangers (cold and hot heat exchangers) impose a temperature gradient across the porous 
material which is required to amplify the acoustic-wave that is spontaneously generated. The 
stack is a solid component with pores that allow the operating gas fluid to oscillate while in 
contact with the solid walls. Regenerator is a porous medium with a high heat capacity. The 
pores in the regenerator are much smaller than the thermal penetration depth, which defined as 
the thickness of the layer of the gas where heat can diffuse through during half a cycle of 
oscillations. Figure 1.2 shows regenerator sandwiched between heat-exchangers. 
 
Figure 1.2: Schematic of a thermo-acoustic system (adapted from ref. [8]) 
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Energy appears in many forms (Mechanical, electrical, nuclear, and solar, etc.) and it can be 
converted from one form to another form. The law of conservation of energy states that, the 
total energy of an isolated system is constant and energy can be transformed from one for to 
another, but can be neither created nor destroyed [9]. Since heat is the energy transferred from 
one substance to another when there is a temperature difference between them, a source of heat 
is needed [9]. This is usually coming from a fuel that is burnt, although it can also be solar or 
nuclear in origin. The flow of heat proceeds through a fluid medium such as a gas or a liquid. 
This medium is called the “working fluid” [9]. Figure 1.3 shows the energy flow for a heat 
engine. Since energy is conversed, the heat leaving the source is equal to the heat entering the 
sink plus the work done by the engine (no energy is stored). The energy available for work 
comes from a decrease in the total energy of the working fluid. The greater the temperature 
change, the greater the decrease in the energy of the working fluid, and hence there is a greater 
quantity of energy available to do work [9].  
 
Figure 1.3: A heat engine transforms heat into work (adapted from ref. [9]). 
It is possible to convert a given quantity of heat energy completely into work. In an energy 
conversion process, energy is always wasted and its ability to do work is reduced. Energy is 
never destroyed, but it can reach a state in which it can no longer serve any useful purpose. The 
first two laws of thermodynamics are fundamental to understanding energy conversion 
processes [9]. The first law states that energy is conserved, the heat added to a system is equal 
to the work done by that system plus the change in its total energy. The first law stipulates that 
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the total work done by the system is just equal to the net heat added (heat energy in minus heat 
energy out). Many of the energy conversion devices in operation today are heat engines. All 
such engines make use of a flow of heat from a hot source to a cold sink, with the production 
of some useful work [9]. The second law limits the amount of work obtained from a heat 
engine. The heat energy that flows from the hot source cannot be converted entirely into work, 
some heat has to be discharged into the environment. The maximum efficiency possible for a 
heat engine operating between a hot source at temperature TH and a cold sink at temperature 
TC is the Carnot efficiency [9].  
Thermo-acoustic devices can either generate acoustic work from thermal energy or consume 
acoustic work to transfer heat from low to high temperature medium. Thus, there are two types 
of thermo-acoustic system, namely: prime mover (heat engine) and the heat pump (cooler or 
refrigerator). Heat engines convert heat power into acoustic power, while a heat pump 
consumes acoustic power to pump heat from a low to high temperature level. There is a 
difference between a refrigerator and heat pump; a heat pump keeps the temperature of a given 
space above that of its surroundings, but a refrigerator keeps the temperature of given space 
below that of the surroundings [10].  
In a travelling-wave thermo-acoustic system, when a modulated sound-wave passes through a 
regenerator from the cold to the hot end, the gas parcel undergo a Stirling-like thermodynamic 
cycle at a microscopic level [10]. This is due to the complicated interactions between their 
displacement and heat transfer with the solid porous material of the regenerator [10]. Based on 
this principle, a travelling-wave thermo-acoustic system can be built by employing a delicately 
constructed acoustic network to tune the pressure oscillation to be virtually in phase with the 
velocity oscillation within the regenerator, so that thermal energy can be converted to 
mechanical work at microscopic level [11].  
Thermo-acoustic system has many advantages. The lack of moving parts means that little 
maintenance is required. In addition, it is environmentally friendly since it uses noble gases as 
the working gas, and can utilise low-temperature heat sources to generate a sound. These 
advantages have attracted many researchers and companies across the globe to research in this 
field. The benefit of these devices is that they can utilise low-temperature energy sources, such 
as industrial waste heat, to generate acoustic power that in turn can be converted into useful 
power. Also, they can be used to generate power from solar energy, which is particula r ly 
promising in countries which have abundant solar energy [11]. These types of engines (thermo-
acoustic engine) can be manufactured from standard materials that are readily available [11]. 
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This essentially reduces the initial cost of such systems and makes them attractive for use in 
rural areas remote from electricity grids [12]. Typical thermo-acoustic engine is shown in figure 
1.4. 
 
Figure 1.4: Thermo-acoustic engine (adapted from ref. [13]) 
1.2 Thermo-acoustic power cycles  
Thermo-acoustic systems can be used whenever there is a sufficient heat source available. The 
onset temperature difference for the device to start generating power depends on the design and 
operating conditions (e.g. working gas and mean pressure), but it can be relatively low 
compared to other technologies [14, 15]. Thermo-acoustics encompasses the fields of acoustics 
and thermodynamics. The basis lies in the thermo-acoustic effect defined as the energy transfer 
between a compressible fluid and a solid material in the presence of any acoustic-wave. Over 
a century ago, Rayleigh [16] understood that cooling and heating could create acoustic power. 
He set out the criterion for the production of any type of thermo-acoustic oscillation as follows: 
“if heat is given to the air at the moment of greatest condensation, or taken from it at the 
moment of greatest rarefaction, the vibration is encouraged [17]. These effects could be 
realized in the gas closed to a solid surface of the narrow channel, where heat can be extracted 
or supplied to the gas from the surface. The Rayleigh’s criterion has been generally accepted 
as an explanation of sustaining the thermo-acoustic oscillations [17]. 
There are three common arrangements for thermo-acoustic systems which are under 
investigation by researchers across the globe. A standing-wave system can be a simple 
resonance tube containing the core (heat exchangers and stack), which is positioned at a 
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suitable location in order to achieve the highest performance or efficiency. Schematic diagram 
of a standing-wave engine is shown in Figure 1.5a.  Travelling-wave systems normally consist 
of a looped-tube that contains the thermo-acoustic core (heat exchangers and regenerator). The 
secondary ambient heat exchanger is normally used to cool the tube behind the hot heat 
exchanger. The schematic diagram of a travelling-wave thermo-acoustic engine is shown in 
Figure 1.5b. The third arrangement comprises a linear tube connected to a looped-tube, which 
contains the core of the system with the secondary cold heat exchanger. This type of 
arrangement is called a thermo-acoustic Stirling heat engine, because the gas within the 
regenerator undergoes a thermodynamic cycle similar to that of a conventional Stirling engine. 
The schematic diagram of thermo-acoustic Stirling heat engine is depicted in Figure 1.5c. The 
green arrows in Figure 1.5 indicate the acoustic power flow.    
 
Figure 1.5: (a) Standing-wave thermo-acoustic engine, (b) Travelling-wave thermo-acoustic engine and (c) 
Thermo-acoustic Stirling heat engine (adapted from ref. [18]) 
1.2.1 Standing-wave thermo-acoustic engine (SWTE) 
Standing-wave is a vibration of the system in which some particular points remain fixed while 
others between them vibrate with the maximum amplitude [18]. The thermo-acoustic systems 
can be classified into travelling-wave and standing-wave devices. This classification is based 
on whether acoustic pressure and acoustic velocity are in phase or 90º out of phase [18].  
The configuration of the standing-wave engine is simple and straightforward, but their 
efficiency is low. The standing-wave is generated inside a tube with an open end, while the 
other end is closed. The velocity and pressure oscillation in a standing-wave are out of phase 
by 90º, as shown in Figure 1.6 [18]. The velocity at the closed end of the system is zero, because 
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it is a closed area and there is no movement of the gas molecules. The pressure is at maximum 
value at the closed end of the system [19]. However, in a real standing-wave thermo-acoust ic 
device, the phase difference drops slightly below 90º to permit power flow to the acoustic load. 
There is a thermal contact imperfection between the working gas and the stack. This has the 
effect of creating the desired phase difference, by delaying the cooling and heating processes 
so that cooling follows expansion and heating follows compressions [20].  
 
Figure 1.6: Standing-wave velocity and pressure as function of time (adapted from ref. [20]) 
The basic concept for generating acoustic power from heat energy was introduced by Ceperly 
by using the singing pipe which produces sound when the closed tube’s end is placed in a heat 
source [21]. The type of wave which is generated is the standing-wave, this concept uses 
acoustic standing-waves to force the gas inside the tube to undergo cyclic processes 
(compression, heating, expansion and cooling) similar to what happens in the conventional heat 
engine. The maximum thermo-acoustic effect can be reached when the phase angle between 
velocity and pressure oscillations is zero [22].  
The stack forms the heat of the thermo-acoustic systems. The most common stack geometries 
have a characteristic constant cross-section channel along the direction of the flow. In standing-
wave systems, it is beneficial to have pores with a radius of one or more thermal penetration 
depths  [23]. This is necessary to create a suitable phasing between velocity and pressure and 
create an optimal heat-shutting effect. The highest acoustic power is obtained if Lautrec number 
(NL ) is approximately equal to one. The Lautrec number is defined as [23]:  
 NL =
rh
δk
 ,  (1.1) 
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where δk  is the thermal penetration depth and rh is the hydraulic radius. Hydraulic radius is 
defined as the ratio of the volume of the pores (VG) to the wetted area of the porous solid(AW). 
For the square section of the pore in stack, the hydraulic radius can be expressed as the ratio of 
the pore’s cross-sectional area to its perimeter. If the Lautrec number is greater or equal to one, 
the porous medium is called a “stack”, but if it is less than one, the porous medium is called a 
“regenerator”. In order to achieve a relatively higher performance, the selected stack material 
must have a low thermal conductivity [23]. The stack with square section of the pores is 
depicted in Figure 1.7 
 
Figure 1.7: Illustration of the stack with square section of the pores  (adapted from ref. [23]) 
The stack is generally sandwiched between two heat exchangers. The heat is supplied to the 
hot heat exchanger and withdrawn from the system at the cold heat exchanger at the ambient 
temperature. The temperature gradient across the stack is the result of gas amplification [23]. 
This temperature has to be larger than critical temperature gradient for a thermo-acoust ic 
system. The temperature gradient has to be steep enough so that the gas is colder than the wall 
during adiabatic compression at the peak displacement (the gas will receive energy from the 
wall) and warmer than the wall at the end of expansion at the other peak of displacement (the 
gas will give off heat energy to the wall) [23]. The critical temperature gradient depends on the 
operating angular frequency and the first order pressure and velocity in the standing-wave as 
well as the mean density of gas and the isobaric specific heat.  
1.2.2 Travelling-wave thermo-acoustic engine (TWTE) 
Travelling-wave is a wave in which the positions of maximum and minimum amplitude travel 
through the medium [24].The configuration of travelling wave systems is complex, and their 
efficiency is higher than standing wave engines efficiency, because they operate in a nearly 
reversible manner in terms of heat transfer within the engine core [25]. This is because, in an 
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ideal thermodynamically reversible process, the work done by the system would be maximised, 
and heat consumed by the system would be minimised, leading to a maximum efficiency [25]. 
In travelling wave feedback configurations, velocity and pressure oscillations are nearly in 
phase within the regenerator, as shown in Figure 1.8. The maximum efficiency (thermal to 
acoustic efficiency) reached by a standing-wave thermo-acoustic engine is approximately 18%, 
while a travelling wave thermo-acoustic engine reached a maximum efficiency of 30%, 
corresponding to 41% of the Carnot efficiency of the system [26]. 
 
Figure 1.8: Travelling-wave velocity and pressure as function of time (adapted from ref. [26]) 
In general, the travelling-wave thermo-acoustic engine normally consists of a pair of cold and 
hot heat exchangers (as shown in Figure 1.5b), a regenerator, and acoustic resonator. The 
regenerator of the travelling-wave thermo-acoustic system is a section of porous material which 
is similar to that of the conventional Stirling engine [27]. Perfect thermal contact between the 
gas and solid material is maintained, and therefore the gas has the same temperature as the local 
solid material with the regenerator. The hot heat exchanger extracts heat from heat sources and 
transfers it to the working gas within the thermo-acoustic system, while the ambient heat 
exchanger removes the heat from the working gas and reject it [27].  The general principle of 
standing-wave and travelling-wave system is the same. The acoustic wave in travelling-wave 
system actually travels through a loop as shown in Figure 1.5b. Thermo-acoustic travelling-
wave energy conversion is described as relatively more efficient [28]. The increase in 
efficiency observed in travelling-wave system is attributed to phasing similarity between the 
velocity and pressure curves of the acoustic wave. There is a more efficient transfer of heat 
energy in travelling-wave system resulting in an increase of the potential overall efficiency of 
the device [29].  
A travelling-wave thermo-acoustic prime mover is similar to a Stirling engine [29]. The gas 
parcel within the tube undergoes compression, heating, expansion and cooling just like in 
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Stirling engine [30]. The gas parcel undergoes a Stirling like cycle as it passes through the 
regenerator. The gas parcel gets compressed adiabatically near the hot end of the regenerator.  
As the gas parcel passes through regenerator, it absorbs heat from the regenerator material and 
this constitutes to the heating process. During this process, the volume of the gas parcel is 
constant. When the gas parcel passes towards the cold end of the regenerator, it expands 
adiabatically. At the cold end, it gives out heat while the volume of the gas parcel remains 
constant [30]. In a travelling-wave thermo-acoustic prime mover, the gas medium rejects or 
absorbs heat depending upon the temperature difference between the regenerator and the gas. 
When gas parcels are displaced within the thermal penetration depth of the regenerator surface, 
they exchange heat with it [31]. The schematic diagram of the thermodynamic cycle that a gas 
parcel experiences in the regenerator is shown in Figure 1.9.  
 
Figure 1.9: Principle of thermo-acoustic Stirling engine (adapted from ref. [32]) 
In travelling-wave looped-tube thermo-acoustic prime mover, the gas medium passes from the 
cold heat exchanger towards the hot heat exchanger through the regenerator material. The part 
of the regenerator closer to the cold heat exchanger is at a low temperature [32].  The 
temperature of the regenerator gradually increases as we move towards the hot end heat 
exchanger. As the gas medium passes from the cold heat exchanger towards the hot heat 
exchanger, it absorbs heat from the regenerator material in order to produce acoustic waves. 
As the gas medium oscillates between the cold heat exchanger and hot heat exchanger acoustic , 
waves get amplified and travel through the resonance tube [32]. Therefore, heat energy is 
converted into acoustic energy which is in the form of pressure waves. This wave energy is 
used to do the necessary work.  
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1.2.3 Summary of the two types of thermo-acoustic engines  
The features of the two types of thermo-acoustic engines (TAE) can be summarised as shown 
in Table 1.1. 
Table 1.1: Summary of the two types of thermo-acoustic engines (adapted from ref. [32, 33]) 
Engine type  Travelling wave  Standing wave  
Porous medium  Regenerator  Stack  
Phase  Pressure and velocity in phase. 
Acoustic gas displacement and 
temperature lags the acoustic 
pressure by 90º.  
Pressure and displacement in phase. 
Velocity is (almost) 90º out of phase 
with pressure.  
Function  Absorbs heat at a high temperature and exhaust heat at a low temperature 
while producing work as output.   
Gas parcel movement  During the movement of the gas it get compressed and expand once. The 
magnitude of this variation in pressure is the pressure amplitude.  
Pore size, rh Relatively smaller porosity.   Relatively larger porosity. 
Advantages  No irreversible processes. Ideal 
efficiency = Carnot efficiency.   
Low viscous dissipation because 
wider pores.   
Disadvantages  Significant viscous dissipation 
due to narrow pores (the 
efficiency is lower) 
Irreversible heat transfer and friction 
which has negative effect on the 
efficiency   
 
1.3 Research problem statement 
There is currently an urgent demand to reuse waste heat from industrial processes with 
approaches that require minimal investment and low cost of ownership. Environmental issues 
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are currently connected mainly to the power generation technologies currently in use. Hence, 
it is necessary to turn towards clean and environmentally friendly technologies. Thermo-
acoustic power generation technology are drawing enormous attention of researches across the 
globe as next-generation of eco-systems because of the possibility to reuse and to transform 
energy such as waste heat and solar energy, making the devices highly rated with respect to 
their energy-saving potential.   
Although thermo-acoustic systems offer several potential advantages, there is a certain number 
of engineering issues needing further investigation in order to overcome the difficult ies 
associated with producing thermo-acoustic systems that satisfies criteria of practicality, 
economic feasibility as well as efficiency [34]. Geometrical configurations describing the 
devices have been the subject of investigation in order to improve the performance of thermo -
acoustic systems. An investigation into the complexity of the geometrical configura t ion 
proposed in order to reduce the onset temperature is carried out of this work. The issue 
pertaining to the use of multi-stage is investigated and the potential to the electric ity generation 
is evaluated. It is therefore necessary to select the number of stages carefully in order to reach 
a compromise between the minimum working temperature required and the system 
performance [34]. 
Looking at the relatively low acoustic to electric efficiency reported in most of the previous 
researchers, this work intend to provide some insight into the problem by studying diverse 
geometrical configurations that could potentially lead to the development of more effic ient 
systems. Some existing research pointed out acoustic losses within the device as the main 
reason behind the relatively low efficiency reported [35]. In the development of multiple stage 
travelling-wave thermo-acoustic system, more attention will be given to regenerator and the 
system geometrical configuration. 
1.4 Research question(s) 
After reviewing the literatures, there are some underlying issues that need to be addressed and 
answered in order to accomplish the objectives of this research study. A total number of seven 
research questions are identified:  
 What will be the suitable material for developing a multiple stage travelling-wave 
thermo-acoustic system?  
 What is the significance of elastic membrane in travelling-wave thermo-acoust ic 
system? 
 What is the effect of changing temperatures of the hot heat exchanger (HHX)? 
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 How much electricity is generated in each thermo-acoustic engine stage?  
 At what onset temperature difference does the engine starts to produce a sound? 
 What is the effect of increasing the number of engine stages on the system performance?  
 What is the magnitude of the sound generated by each thermo-acoustic engine stage?  
1.5 Research objectives  
Despite a significant scientific progress in developing thermo-acoustic engines, the technology 
has still not reached a commercial stage. However, this can change rapidly since thermo-
acoustic system technologies can offer many unique opportunities in many energy applications. 
The main aim of this research study is to develop and build a prototype in order to advance the 
science and technology behind the thermo-acoustic energy conversion process. 
The four main objectives of this research study are as follows. 
 Firstly, to develop and build a travelling-wave thermo-acoustic generator. 
 Secondly, to perform an experimental investigation in order to assess the potential of 
the system developed for electricity generation. 
 Thirdly, to provide clarity on the influence of the geometry (number of stages) on the 
performance of the entire system. 
 Lastly, to perform an experimental investigation in order to measure the onset 
temperature difference and the sound pressure level (SPL) for each engine stage.  
1.6 Significance of the research  
In the past years, there has been a substantially increased research effort into the reuse of low-
grade waste heat. The motivation or the driver behind this interest is the combination of concern 
of the climate impact from energy use and the substantial supply of low-grade heat. Low-grade 
waste heat is generated through a process by way of chemical reaction or fuel combustion, and 
then dumped into the environment even though it could still be reused for some useful and 
economic purpose [36]. This constitutes an opportunity to make use of low-grade heat for the 
development of a sustainable system. In addition, this work contributes to knowledge by 
pointing out how low-grade waste heat can be used in ways that are both sustainable and 
practicable. Target audiences for this dissertation are energy managers, sustainability 
managers, and government bodies involved in planning and energy systems, and researchers 
in the field.    
Based on the identified case, the multiple stage travelling-wave thermo-acoustic system is 
developed in order to generate electricity utilizing low-grade waste heat. Turning waste heat 
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into electricity will reduce the consumption of fossil fuels which contribute to global warming, 
improve energy security and limit our impact on the environment. An illustration of the amount 
of low-grade waste heat that is being released into the environment is shown in Figure 1.10.  
 
Figure 1.10: Waste heat (adapted from ref. [36]) 
1.7 Outline of the dissertation  
This dissertation describes the development of a multi-stage travelling-wave thermo-acoust ic 
system for electricity generation. The key areas covered in each chapter of the research study 
are summarised in this section. The conference papers that have been published and accepted 
are also listed in this section. 
1.7.1 Summary of the chapters  
Chapter two reviews and discuses relevant previous experimental and numerical research 
conducted in order to gain comprehensive understanding of the physics of thermo-acoust ic 
process. It starts off by introducing the important thermo-acoustic key parameters and provides 
an overview of some past experimental research work in the same field, which are selected 
according their importance. Different types of streaming in thermo-acoustic devices is 
presented and possible impact on the device performance is discussed.  
Chapter 3 addresses the design and construction of a multi-stage travelling-wave thermo-
acoustic system. The experimental set-up and material selection criteria are documented in this 
chapter.  
Chapter 4 discuss the findings of the research.  
201221144 
 
Page | 29 
 
Chapter 5 presents the overall conclusions of the research study and makes recommendations 
for future work. There is also an appendices, containing properties of saturated water, 
properties of air, sample calculations and a set of engineering drawings of parts of the system. 
1.7.2 Conference contributions  
M. Ngcukayitobi, S. Spambo, H Shamase, L.K Tartibu, S. Gqibani. Development of a 
multi-stage configuration for electricity generation using thermo-acoustic approach. 2020 
IEEE 11th International Conference on Mechanical and Intelligent Manufactur ing 
Technologies (accepted).  
S. Spambo, M. Ngcukayitobi, H. Shamase, S. Gqibani and L.K Tartibu. Development and 
performance evaluation of a standing-wave thermo-acoustic engine. 2019 Open Innovations 
conference. 
S. Spambo, M. Ngcukayitobi, H. Shamase, S. Gqibani and L.K Tartibu. Development and 
performance evaluation of a single stage travelling-wave thermo-acoustic generator, 2019 
Open Innovations conference. 
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Chapter 2: Literature review  
---------------------------------------------------------------------------------------------------------------- 
2.1 Introduction  
This chapter reviews and discusses relevant previous research work. It starts by introducing the 
key parameters of thermo-acoustic and provides an overview of some past experimenta l 
research work in the same field, which are selected according their importance. Issues of 
streaming in thermo-acoustic devices is presented and possible impact on the device 
performance is discussed. There are a number of approaches that have been used in the field of 
thermo-acoustic, including numerical simulations, experimental apparatus, theoretical models 
etc. however, the most important research studies relevant to the current work are reviewed and 
summarized. 
2.2 Key parameters  
There are several important parameters and length scales which are used to develop and operate 
thermo-acoustic systems. These important parameters will be introduced and described in this 
section.  
2.2.1 Thermal and viscous penetration depth  
Two important length scales perpendicular to the direction of the wave-propagation are the 
viscous penetration depth and thermal penetration depth [37, 38]. The thermal penetration 
depth 𝛿𝑘 can be expressed as: 
 
𝛿𝑘 = √
2𝑘
𝜔𝜌𝑚 𝑐𝑝
 .  
(2.1) 
The viscous penetration depth 𝛿𝑣 can be expressed as: 
 
𝛿𝑣 = √
2𝜇
𝜔𝜌𝑚
  =    √
2𝒱
𝜔
 ,         
(2.2) 
where 𝒱 and 𝜇 are the kinematic and dynamic viscosities of the working gas, 𝑘 is the gas 
thermal conductivity, 𝑐𝑝 is the specific heat capacity per unit mass at constant pressure, 𝜌𝑚  is 
mean density and 𝜔 is the angular frequency of oscillation. The viscous and thermal penetration 
depths indicate how far heat and momentum can diffuse perpendicularly to the wave-
propagation direction during a time interval of the order of the period of oscillation 𝑇 divided 
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by 𝜋 [39]. These two parameters are crucial in thermo-acoustic processes, which determine the 
required spacing within the regenerator or stack [39].The dimensions and material of the 
regenerator or stack are important parameters that have to be considered and selected carefully 
to optimize the performance of the thermo-acoustic system [39]. With regard to the design and 
construction of the regenerator or stack, two important parameters require careful attention 
(porosity and hydraulic radius). Porosity is defined as the ratio of the volume of the gas within 
the regenerator to the total volume of the regenerator. Hydraulic radius is defined as the ratio 
of the volume of the gas within the regenerator or stack to the gas solid contact area [40, 41]. 
The square of the ratio between the thermal penetration depth and viscous penetration depth is 
the Prandtl number, which is written as:  
 
σ = [
δv
δk
]
2
=
μcp
k
 . 
(2.3) 
2.2.2 Working gas  
To choose a working gas for a thermo-acoustic engine, there are several properties that should 
be taken into consideration: Prandtl number, thermal conductivity, sound speed and viscosity 
[42]. The best working gas for thermo-acoustic systems should have a low Prandtl number, low 
viscosity to avoid large viscous dissipation, low sound speed, and high thermal conductivity 
[42].   
2.2.3 Wavelength  
The wavelength has a strong effect on the length of the thermo-acoustic system, and in turn the 
power density of the system. For example, if helium is used, then the length of the thermo -
acoustic system will be much longer than a device which uses nitrogen as a working gas [43]. 
The wavelength of the sound can be calculated using equation (2.4).  
 𝜆 =
𝑎
𝑓
 , (2.4) 
where 𝜆 is the wavelength, 𝑎 is the speed of the sound and 𝑓 is the oscillating frequency. 
2.2.4 Frequency  
The power density in thermo-acoustic systems is linearly proportional to frequency(Ė ∝ ƒ𝑚 ) 
[44].The thermal penetration depth 𝛿𝑘 is inversely proportional to the operating 
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frequency(𝛿𝑘 ∝
1
𝑓𝑚
). High frequency leads to small channel size for the regenerator which will 
increase the cost of the regenerator material [44]. 
2.2.5 Mean pressure  
The power density in thermo-acoustic engine is directly proportional to the mean 
pressure(Ė ∝ 𝑃𝑚 ). High mean pressure can results in high acoustic power [45]. If the mean 
pressure is higher than atmospheric pressure, the resonator needs to be designed as a 
conventional pressure vessel, which results in high material and manufacturing costs. The 
thermal penetration depth 𝛿𝑘 is inversely proportional to the square root of the mean pressure𝑃𝑚 
(𝛿𝑘 ∝  
1
√𝑃𝑚
). High temperature results in a small thermal penetration depth𝛿𝑘, which in turn 
results in a small flow channel size in the regenerator [45].  
2.3 Major components of thermo-acoustic system  
Thermo-acoustic system is made of several important components that will be introduced and 
described in this section.   
2.3.1 Heat exchanger  
When heat is transferred from one fluid to another in an industrial process without mixing, the 
fluids are separated and the heat transfer takes place in a component known as a heat exchanger  
[46]. A heat exchanger can be of various shape and size and is usually designed to perform a 
specific function. The steam generator plant uses heat exchangers as a condenser, economizer, 
air heaters, feed-water heaters, re-heaters, and so on. It is common to designate heat exchangers 
by their geometric shape and the relative directions of flow of the heat-transfer fluids. The 
Newton’s law of cooling can be written for the heat exchangers as [46]: 
 ˚𝚀 = 𝑈𝐴(∆𝑡)𝑚, (2.5) 
where U is the overall conductance or overall heat transfer coefficient having the same physical 
units as the convection coefficient h, Bhu/hr.ft2; A is the heat transfer surface in square feet; 
and (∆𝑡)𝑚 is an appropriate mean temperature difference. The overall heat transfer is not 
usually constant for all locations in the heat exchanger and its local value is a function of the 
local fluid temperatures. However, it is a common practice to evaluate the individual heat-
transfer coefficients based on the arithmetic average fluid temperatures [46]. 
The heat pipe is a device to enhance the thermal conduction. It can transfer large amounts of 
heat quickly, especially over large distances [46]. The exterior of the pipe is sealed metal of 
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good conductivity such as aluminium or copper. It looks no different from a solid pipe but has 
an effective thermal conductivity that exceeds that of a solid pipe by many orders of magnitude. 
It is utilized by placing one end of the pipe in contact with the material to be cooled and the 
other end in a cold reservoir. It is not common for fins to be placed at the cold end to facilitate 
heat transfer. The heat pipe is hollow and includes the working fluid and a concentric wick 
running the length of the pipe. The operation of the heat pipes depends on the fluid being able 
to vaporize at the temperature of the material to be cooled [46]. Thus, the fluid interior must be 
set the saturation pressure that corresponds to that material’s temperature. The pressure could 
be either above or below atmospheric. Often the fluid can be as common as water. When the 
pipe is placed in contact with the heat source, the fluid at the end evaporates, absorbing heat 
and increasing its vapor pressure. That pressure forces the vapor to the cold end of the pipe 
where it condenses giving up heat to the cold reservoir. The condensed liquid returns capillary 
action along the wick to the hot end where it re-vaporizes to repeat the heat-transfer process 
[46]. 
2.3.2 Resonance tube  
A resonance tube ensures that there is a travelling-wave or standing-wave. The resonator 
(resonance tube) is designed in order for dimensions, weight and losses to be optimal [47]. It 
should be light, but at the same time must be strong enough to endure the working pressure. 
The shape and length are dependent on resonance frequency and minimal energy waste at the 
wall of the tube [47]. It can be opened at the non-wave-generating end or closed, terminated 
with a bulb or a buffer container.  
2.3.3 Stack and regenerator  
The performance of thermo-acoustic engine depends on the porous medium used to exchange 
heat with the working fluid in a stack or regenerator [48]. The stack is the most important part 
of an acoustic cooling system. It consists of many numbers of closely spaced surfaces aligned 
parallel to the length of the resonator tube. The function of stack is to provide a medium for 
heat transfer as the sound-wave oscillates through the resonator tube [49]. Most stacks consist 
of different cross-section of channel like honeycombed plastic spacers that cannot conduct heat 
throughout the stack but rather absorb heat locally. The stack can temporarily absorb the heat 
transferred by the sound-waves. The spacing of these designs is very important [49].  
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2.4 Review of developments in thermo-acoustics  
 
2.4.1 A historical perspective and developments in thermo-acoustics system 
In 1949, Kramers [50] made the first attempt to conduct a research study in thermo-acoust ic 
phenomena. His work was based on boundary layer approximation. While he did not obtain 
good or acceptable results when he compared the experimental data with numerical results, he 
encouraged many researchers to study the thermo-acoustic phenomena in depth. This research 
study was followed by Taconis’s research work who suggested that the spontaneous vibrations 
may occur in gas columns if the temperature of the tube containing the column varies along its 
length especially in low-temperature experiments [51].  
The first successful attempt to establish a thermo-acoustic theory was done by Rott in 1970s 
[52]. He introduce a linear theory which is based on linearization of continuity, momentum and 
energy equations, and wrote a series of articles in which a linear theory of thermo-acoust ics 
was derived [52]. Rott did not take into consideration the boundary layer approximation as 
used by Kramers. He formulated the mathematical framework for small amplitude damped and 
excited oscillations in wide and narrow tubes with an axial temperature difference, by assuming 
that the tube radius was much smaller than the length of the tube. In 1980s, Rott summarized 
his research results in a review work [53].  
In 1979, Ceperley [54] realized that the efficiency of thermo-acoustic systems could be 
improved by using a toroidal geometry, which would allow for a travelling-wave to propagate 
inside the device instead of a standing-wave. The motivation behind this improvement of 
efficiency is that, a standing-wave is the result of a constructive interference between two 
travelling-waves, so velocity and pressure amplitudes can be nearly twice the amplitudes in the 
initial travelling-wave generated in the engine [55]. This whole process is resulting in a high 
acoustic loss. Ceperley also mentioned that the gas inside a travelling-wave device experiences 
a similar cycle to the one experienced by the working gas inside the Stirling engine [55]. To 
exchange heat with the working gas, these devices use a regenerator: a porous material similar 
to the stack encountered in a standing-wave device but with a small opening. The lower and 
higher temperature heat exchangers and regenerator or stack are referred to as a “stage”. A 
travelling-wave thermo-acoustic system is shown in Figure 2.1. The compliance and inertance 
are required to maintain the travelling-wave phasing in a single stage engine. The thermal 
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buffer helps thermally isolating the hot heat exchanger from ambient temperature components, 
thus limiting heat losses [55]. 
 
Figure 2.1: Travelling-wave thermo-acoustic system (adapted from ref. [55]) 
The toroidal geometry of travelling-wave systems makes it possible to insert an arbitrary 
number of regenerators inside the loop tube, in order to increase acoustic gain and improve the 
engine’s performance at lower temperatures [56]. This approach was done in order to mainta in 
optimal acoustic conditions throughout the feedback loop. The tube section and the dimens ions 
of each regenerator need to be adjusted, leading to complex engine geometries [56]. De Block 
suggested a special configuration of equally spaced regenerators inside the feedback loop, so 
that the distance from one regenerator to the other is half of the wavelength in the case of a two 
stages system, and a quarter of the wavelength in the case of four-stage system. He explains 
that in this case, “reflections due to impedance anomalies tend to compensate each other” [57]. 
If identical and equally-spaced acoustic loads are added to each of the four stages, the thermo-
acoustic engine will be symmetrical, which is beneficial for mass production. De Block also 
mentioned that as the phase over one wavelength raises monotonically from 0 to 2𝜋, the phase 
difference from one load to another will be 𝜋 (180 ℃) in two stages system, and 
1
2𝜋 
 (90 ℃ ) in 
a four stages system [57]. This means that two opposite loads will move in antiphase and 
cancelling out each other’s vibrations. Four stage travelling-wave is depicted in Figure 2.2. The 
engine is filled with air and operates at atmospheric pressure. The acoustic oscillat ions start 
when the temperature difference across the regenerator reaches 70 ℃ [57]. 
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Figure 2.2: Four stage atmospheric test ring (adapted from ref. [58].) 
In 1998, Yazaki [59] conducted a practical experiment in a travelling-wave thermo-acoust ic 
engine for the first time. Their research study report a relatively low efficiency because of low 
acoustic impedance within the thermo-acoustic core, caused by large viscous losses resulting 
from high acoustic velocities in the resonator feedback and regenerator [59]. The experimenta l 
rig used by Yazaki is schematically depicted in Figure 2.3. The purpose of Yazaki’s research 
study was to overcoming the problem that Ceperley had faced, which was generating acoustic 
in travelling-wave mode [59]. The experimental results of this research study concluded that a 
travelling-wave device could perform better than a standing-wave device at the same frequency 
and wavelength [59]. One of the advantages of such system is that the onset temperature 
(difference between cold and hot temperatures of the regenerator) would be lower than that in 
an onset standing-wave device, leading to better utilization of the low-temperature differences 
resources.  
 
Figure 2.3: Schematic view device used by Yazaki (adapted from ref. [59]) 
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In order to overcome the problem of Yazaki, Backhaus and Swift [60], proposed a new type of 
thermo-acoustic engine consisting of a loop tube connected to a long resonator pipe. The 
working fluid of their system was helium at the mean pressure of 30 bar and frequency of 80 
Hz. Their research study reveals that there was a huge difference between the estimated and 
measured value of the temperature at the midpoint of the regenerator [60]. This is due to the 
acoustic streaming (Gedeon streaming and Rayleigh streaming). 
Backhaus and Swift made several changes to improve the thermo-acoustic engine study and 
overcome the viscosity losses which Yazaki had faced. The first change they made was to force 
the phase angle between the velocity and pressure oscillations in the regenerator by employing 
an inertance in the torus part [60]. Furthermore, they reduced the acoustic losses and achieve 
high acoustic impedance in the regenerator by constructing the compact acoustic configura t ion 
[60]. Lastly, they suppressed acoustic streaming by using a jet pump and a tapered thermal 
buffer tube. The new prototype (thermo-acoustic engine) reached a higher thermal efficiency 
of 30% which is equivalent to 41% of the Carnot efficiency [60].  
The main aim of thermo-acoustic research is to enable utilisation of low-grade waste heat 
commonly released into the environment by many industrial processes. The most significant 
development in this area of study was achieved by De Blok [61], who developed a thermo-
acoustic device for utilising low temperature differences from solar collectors or waste heat, 
with a temperature in the range of 70 - 200℃.  In order to increase the power of the thermo-
acoustic device at low operating temperature, multiple engine stages was proposed (Figure 1.1) 
[61]. De Blok research study pointed out that the viscous losses can be reduced by enlarging 
the regenerator cross-sectional area with respect to the feedback loop. He experimenta l ly 
studied a novel acoustic geometry based on a travelling-wave thermo-acoustic system with by-
pass configuration, as depicted in figure 2.4. His model was filled with atmospheric air as the 
working gas and achieved an onset temperature difference of 65 K [61]. Secondly, the new 
hybrid configuration is more suitable for low operating temperatures with the low onset 
temperature giving an indication for low acoustic losses [61]. An example of a hybrid 
configuration with multiple regenerators including heat pumps is shown in Figure 2.5.  
 
Figure 2.4: By-pass configuration of two stage engines  (adapted from ref. [61]) 
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De Blok [62] developed a four-stage travelling-wave thermo-acoustic system that operates at 
a temperature difference of 40 K at each stage. Utilising low temperature differences from solar 
collectors or waste heat in the range of 70 - 200℃ seems to be the most promising and 
commercial interesting field of applications for thermo-acoustic devices. The enlargement of 
the regenerator cross-sectional area with respect to the feedback loop diameter results in 
reduction of the velocity in the regenerator and ultimately to the decrease of the viscous losses 
[62]. The four stage units were placed on a mutual distance of 1/4 𝜆, as depicted in Figure 1.1. 
2.4.2 Thermo-acoustic generators 
Many researches have focused on the development of thermo-acoustic generators with different 
transducers and configurations. In 2004, Backhaus [63], demonstrated the ability of travelling-
wave thermo-acoustic heat engines to convert high temperature heat to acoustic power with 
high efficiency. A small scale travelling-wave thermo-acoustic engine was optimized for use 
with electrodynamic linear alternator. A travelling-wave thermo-acoustic electric generator 
was constructed. The engine efficiency, system efficiency, alternator efficiency, driven ratio, 
frequency and electric power output were 24%, 18%, 75%, 6.3%, 120 Hz and 39 W 
respectively [63]. The electrical power output increased from 39 W to 58 W when the driven 
ratio increases from 6.3% to 9.8%. Backhaus [63] used high-cost alternator to his research 
study. However, commercial audio loudspeakers (as inexpensive electro-dynamic transducers) 
can be used to convert the acoustic power to electricity. 
In 2006, Telesz [64] constructed a thermo-acoustic power generator consisting of thermo-
acoustic Stirling engine interfacing with a pair of linear alternators to generate 100 W of 
electricity. Helium at a pressure of 31 bar was used as the working gas [64]. The operating 
frequency in the system was 100 Hz. The heat converted to acoustic power had an efficiency 
of 26.3%, while the efficiency of conversion of heat to electricity was 16.8% [64].   
In 2010, Yu [65] developed a prototype of thermo-acoustic electricity generator to test the 
concept of a low-cost device for application in rural areas of developing countries. A travelling-
wave thermo-acoustic system with the configuration of a looped-tube resonator was 
constructed to convert heat to acoustic power [65]. A commercial audio loudspeaker was used 
as an alternator to convert acoustic power to electric power. 800 W was supplied to the system 
as a heat input. An electrical power of 5.17 W at an acoustic-electric conversion efficiency of 
0.65% have been reported. The results obtained by Yu, Jarworski and Backhaus [65] showed 
that the approach is possible in principle to produce electric power in the range of 4 to 5 W 
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corresponding to an overall heat-to-electric efficiencies of 1%. Figure 2.5 provides details of 
the prototype considered.   
 
Figure 2.5: Test ring schematic diagram (adapted from ref. [65]) 
In 2011, Wu et al [66] introduced an experimental investigation of a travelling-wave thermo-
acoustic electricity generator, which consists of a travelling-wave thermo-acoustic heat engine 
and a linear alternator driven by the engine. His prototype was based on the Stir ling 
thermodynamic cycle and could convert heat into acoustic work with a high efficiency. The 
system produces 450.9 W of electricity which was obtained with a maximum thermal- to-
electrical efficiency of 15.03% [66]. 
In 2011, Yu, Saechan and Jaworski  [67] conduct a research study on the feasibility of using 
commercial audio loudspeaker as low-cost linear alternator for thermo-acoustic system 
application, to convert acoustic power to electric power. Yu et al and Saechan [67] presented a 
case study in which the characteristics of acoustic-to-electric energy conversion of a candidate 
audio loudspeaker as well as parameters such as low electrical resistance, high force factor and 
low mechanical loss were measured. The experimental results obtained by Yu et al [67] showed 
that the selected candidate audio loudspeaker could reach acoustic-electric transduction 
efficiency of 60%. The results obtained during the experiment process showed that the 
displacement amplitude does not significantly affect the acoustic-electric transduction 
efficiency. Their experimental work also showed that the measurement methodology 
developed is reliable and useful for characterising acoustic-electric alternator efficiencies, and 
that the linear model is still useful to describe the behaviour of such alternators [67].  
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In 2012, Wu et al [68] designed and constructed a solar-power travelling-wave thermo-acoust ic 
electric generator. The prototype was capable of converting heat (solar energy) into electric ity. 
This system consists of a solar dish collector, a travelling-wave electricity simulator and a heat 
receiver [68]. Cartridge heaters were used to simulate the solar energy, leading to a maximum 
electric power of 481 W and a maximum thermal efficiency of 15% with 3.5 MPa pressurized 
helium and 74 Hz operating frequency [68]. The system was integrated with the solar dish 
collector and the heat receiver. After the experiment was conducted, 200 W of electricity was 
achieved. This study pointed out that the electric power output decreased dramatically due to 
solar dish collector problems [68].  
In 2012, Chen [69] reviewed the development and assessment of two types of thermo-acoust ic 
system powered by waste heat from cooking stoves, either using burning wood or propane gas 
as cooking energy to produce the amount of electricity for the use in remote or rural areas. The 
design and construction of these two types of thermo-acoustic system were discussed. The 
maximum electricity produced by a propane gas was found to be 25.13%, while the wood 
burning thermo-acoustic system was tested and found to generate the amount of 57 W of 
acoustic power, which was converted into 22.7 W of electricity by employing audio 
loudspeaker as alternator [69].  The system diagram is shown in Figure 2.6. 
 
Figure 2.6: Schematic system of thermo-acoustic generator (adapted from ref. [69])  
In 2013, Sun et al [70] designed and constructed a travelling-wave thermo-acoustic electric 
generator using helium at 3 MPa as the working gas with an operating frequency of 65 Hz. The 
group pointed out that the acoustic coupling of the linear alternators to the travelling-wave 
thermo-acoustic system is important to the performance of the system and they achieved a 
maximum electric power of 345.3 W with a thermal-to-electric efficiency of 9.3% [70]. The 
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research group pointed out that the system’s performance can be improved by increasing the 
pressure amplitude and minimising the acoustic losses in the feedback looped pipe [70]. The 
schematic diagram of the travelling-wave thermo-acoustic electric generator is depicted in the 
following Figure 2.7.  
 
Figure 2.7: Schematic diagram of travelling-wave thermo-acoustic generator (adapted from ref [70].) 
In 2014, Wu et al [71] conducted a research study on a 1-KW travelling-wave thermo-acoust ic 
electrical generator. Wu et al [71] constructed and tested a prototype of 1-KW travelling-wave 
thermo-acoustic generator. 638 W electric power with 16.6% thermal-to-electrical efficiency 
are reported for the first test. This is due to the high clearance seal loss that was caused by the 
pistons of the alternator [71]. After several analysis of results, a maximum electric power of 
1040 W with a thermal-to-electrical efficiency of 17.7% were successfully obtained. The 
operating conditions are: cooling temperature of 15℃, heating temperature of 650℃ and a 
mean pressure of 4 MPa [71].  
In 2015, Wang et al [72] conducted a research study numerically and experimentally on a 
travelling-wave thermo-acoustic electric generator capable of producing about 500 W electric 
power. This research study showed that the resonator causes most of the acoustic power losses 
in the hot heat exchanger, cold heat exchanger and feedback looped tube [72]. He pointed out 
that the performance of the system can be improved by increasing the mean pressure and 
heating temperature [72]. Experimentally, their system achieved a maximum electric power of 
473.6 W and the highest thermal-to-electric efficiency of 14.5%, when the mean pressure is 
2.48 MPa and 3.20 MPa and the heating temperature is 650℃. On the other hand, the numerica l 
results showed that the maximum electric power can be increased to 718 W and 1005 W when 
the mean pressure are kept at 2.48 MPa and 3.20 MPa [72]. The schematic diagram of the 
system studied is depicted in Figure 2.8.  
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Figure 2.8: Schematic of a travelling-wave thermo-acoustic electric generator studied by Wang (adapted 
from ref. [72]) 
In 2016, Bi et al [73] developed a new travelling-wave thermo-acoustic electric generator, 
consisting of a multiple stage travelling-wave thermo-acoustic heat engine with linear 
alternators. In this prototype, the engines are connected by a slim resonance tubes to create a 
travelling-wave in the regenerator, which is crucial in achieving a high efficiency [73]. In figure 
2.9, the alternator is connected as a bypass at the end of each slim resonance tube. After running 
some tests in the prototype, the maximum electric power of 4.69 KW with thermal-to-electr ic 
efficiency of 15.6% and the maximum thermal-to-electric efficiency of 18.4% with electric 
power of 3.46 KW were achieved with 6 MPa pressurized helium [73]. The cooling and heating 
temperatures were kept at 25˚C and 650℃. Schematic diagram of the three-stage travelling-
wave thermo-acoustic electric generator is depicted in Figure 2.9 [73].  
 
Figure 2.9: Three stage travelling-wave thermo-acoustic electric generator (adapted from ref. [73]) 
In 2016, Wang [74] developed and tested a travelling-wave thermo-acoustic electric generator 
(TWTEG). The maximum electric power output of 750.4 W and a highest thermal-to-electr ic 
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efficiency of 16.3% were achieved, with helium of 3.16 MPa as the working gas [74]. 
According to the research study conducted by Wang, the audio loudspeaker transducer is the 
best choice for an experimental study, as it is cheap, efficient and widely available. In his 
research study, audio loudspeaker was coupled to the travelling-wave thermo-acoustic engine 
with a by-pass configuration, which is a novel concept compared to the previous research 
studies in this field [74]. The main motivation behind his research study was to reveal whether 
the audio loudspeaker can work with a by-pass without violating the thermodynamic laws or 
principles, and to what extent the audio loudspeaker affects the thermo-acoustic engine [74]. 
2.4.3 Summary of results from generator papers and journals  
Table 2.1 summarises most of the studies and achievement in line with the development of 
thermo-acoustic generators. 
Table 2.1: Summary of results from generator papers  (adapted from ref. [75, 76, 77]) 
Author Year  Generator 
efficiency 
(%) 
Working 
fluid  
Mean 
pressure 
(Bar) 
Frequency 
(Hz)  
Electrical 
power 
output 
(W) 
Backhaus 
et al  
2004 18 Helium  55 120 39 
Telesz  2006 16.8 Helium  31 100 100 
Yu et al 2010 0.6 Air  1.013 75 5.17 
Wu et al  2011 15.03 Helium  35.4 74 450.9 
Wu et al 2012 15 Helium  35 74 481 
Yu et al  2012 2.4 Air  1.013 70 11.6 
Chen et 
al 
2012 25.13 Air  1.513 80 22.7 
Sun et al  2013 12.33 Helium 30 65 345.3 
Wu et al 2014 17.7 Helium 40 74 1043 
Wu et al 2014 16.8 Helium 50 86 1570 
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Wang et 
al 
2015 14.5 Helium 24.8 65 473.6 
Kang et 
al 
2015 3.43 Helium 18 171 204 
Bi et al  2016 15.6 Helium 60 70 4690 
Wang et 
al 
2016 16.3 Helium 31.6 65.5 750.4 
Amed   2016 2.7 Helium  28 54.68 48.6 
 
2.4.4 Thermo-acoustic refrigerators or coolers  
In 1986, Hofler [78] demonstrated a first successful attempt of a standing-wave thermo-
acoustic refrigerator by using audio loudspeaker as acoustic source. The coefficient of 
performance obtained by Hofler to his refrigerator was 12% relative to the Carnot COP [78]. 
Hofler constructed the thermo-acoustic refrigerator by using Root’s linear thermo-acoust ic 
theory [79]. Comparison between experimental and theoretical results was made, which 
showed a good agreement between the two.  
In 2013, Yu [80] conducted a research study on the design and analysis of a thermally driven 
thermo-acoustic cooler. The motivation behind his study was to utilise waste heat (industr ia l 
heat) to provide air conditioning to the buildings. His system was using helium as the working 
gas at 3 MPa, and the operating frequency was 100 Hz [80]. Three stage travelling-wave 
thermo-acoustic system was constructed to convert waste heat to acoustic power, and a single 
stage travelling-wave thermo-acoustic cooler was connected to the engine to provide cold water 
at temperature of 0 to 5℃ for air conditioning unit [80]. Ambient temperature was set as 40℃, 
and the simulation results showed that the engine could convert 9.9% of the 15-KW heat input 
to 1.5-KW acoustic power and the cooler could deliver 2.6-KW cooling power at 0˚C with a 
coefficient of performance of 2.25 [80]. The system developed by Yu is schematically depicted 
in Figure 2.10.  
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Figure 2.10: Schematic diagram of waste heat-powered thermo-acoustic air conditioner (adapted from 
ref. [80, 81]) 
In 2014, Al-keyiem and Yu [82, 83] investigated four-stage numerically. This study 
investigates the possibility to utilise waste heat in order to power air conditioning unit for 
buildings where waste heat is abundant but air conditioning is required. A three-stage 
travelling-wave thermo-acoustic system was designed and constructed to convert industr ia l 
waste heat to acoustic power [82, 83]. A single stage travelling-wave thermo-acoustic cooler 
connected to the engine in order to provide cooling at a temperature of 0℃ for air conditioning 
unit was developed. The ambient temperature was maintained at 40℃. A system with 
symmetric geometric configuration was modelled and validated using experimental data. Yu 
[83] introduced an asymmetric system and asymmetric impedance distribution, which has 
different dimensions at each stage modelled in order to improve the acoustic conditions within 
the system. Results obtained through simulation showed that the overall energy efficiency of 
the system for the given temperature range could reach 15 to 17% which showed the feasibility 
and potential in developing thermally driven thermo-acoustic heat pump systems for utilis ing 
industrial waste heat to power air conditioning unit [83]. 
In 1999, Hofler [84] developed a thermo-acoustically driven thermo-acoustic refrigerator. His 
system had a total coefficient of performance (COP) 15% and delivered a cooling power of 91 
W across a temperature span of 25℃ with the hot side heat addition temperature being around 
450℃ [84]. The mixture of helium-argon was used as the working gas.  
In 2000, Hofler and Adeff [85] conducted an experimental investigation of a standing-wave 
system powered by solar energy and coupled to a refrigerator.  Argon-helium mixture at 6 bar 
was used as the working fluid. Their device produced few W of cooling load. The largest 
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temperature span of 18℃ and 2.5 W of cooling power at cold end temperature of 5℃ were 
obtained [85]. 
2.4.5 Summary of results obtained from refrigerator or cooler papers 
Table 2.2 summarises most of the studies and achievement in line with the development of 
thermo-acoustic refrigerators. 
Table 2.2: Summary of results refrigerator papers (adapted from ref. [85, 86, 87]) 
Author  Year  Topic  Mean 
pressure 
(bar) 
COP 
(%) 
Working 
gas  
Frequency 
(Hz) 
QC (w) 
Hofler  1986 Refrigerator  10.2 12 Helium  650 121 
Hofler  1999 Refrigerator  6 15 Helium-
argon 
mixture  
- 91 
Adeff & 
Hofler   
2000 Refrigerator  - - Argon-
helium 
mixture  
- 2.5 
Chen et 
al  
2001 Cooler  5.5 - Helium-
argon 
mixture  
159.5 5.7 
Dai et al 2006 Refrigerator  30 - Helium  57.7 250 
Tijani et 
al 
2008 Cooler  15 2.8 Argon  60  25 
Yu et al 2013 Cooler  30 2.25 Helium  100 2600 
Yu & al-
kayiem  
2014 Cooler  30 2.01 Helium  100 4500 
Xu et al 2015 Cryocooler  60 - Helium  - 750 
Xu et al 2016 Cryocooler  70  - Helium  - 880 
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2.5 Streaming in looped-tube thermo-acoustic systems  
Thermo-acoustic systems sometimes experience unwanted mass flow that causes convective 
heat transfer, an effect called streaming, which most of the researchers strive to suppress [88]. 
In 2000, Swift [89] has conducted a research study to utilize some beneficial types of streaming. 
Among attempts to generate such streaming is the introduction of abrupt changes in the cross-
section of the wave-guide at certain locations to cause streaming which can cancel the negative 
effects of unwanted types of streaming [89]. In 2005, Penelet et al [90] conducted an analyt ica l 
research study of the influence of temperature distribution on thermo-acoustic amplification in 
annular thermo-acoustic prime mover. They demonstrated that the shape of the temperature 
distribution profile can be significant and may diminish the effect 𝑇𝐻/𝑇𝐶  ratio during wave 
amplification [90]. Their research also pointed out that streaming results in an induction of 
changes in the temperature field in the transient regime may explain the observed double 
threshold phenomenon [90]. They recommended that one should work to suppress acoustic 
streaming, as it can help to increase the efficiency of a device if utilized appropriately. They 
draw up the same conclusion regarding natural convection, which can be used to tune the 
temperature profile in the regenerator or stack in order to generate streaming and thus to 
enhance the efficiency of the system [90]. This group attributes the intricate dynamics 
throughout the operation of thermo-acoustic systems to competition between the regenerator 
and stack heating, which tends to increase the temperature difference along the stack or 
regenerator, and the nonlinear processes involving heat transfer mechanisms taking place on 
different timescales [90]. Their research work illustrates that under some heating conditions, 
the evolution of the temperature field induced by the excitation of the acoustic streaming 
provides an additional amplification of sound-waves, which can be clearly observed in the 
growth of the pressure amplitude as compared to cases where there is no acoustic streaming 
[90].  
There are four types of streaming, namely: Gedeon streaming, jet-driven streaming, Rayleigh 
streaming and streaming within a regenerator or stack [91]. Rayleigh streaming can be defined 
as time averaged toroidal circulation within a thermal buffer tube. This type of streaming can 
be suppressed by making the wall in the zone in which it occurs tapper shape at particular angle  
[92]. Jet-driven streaming can be also defined as the time-averaged toroidal circulation in the 
thermal buffer tube, but is driven by inadequate flow straightening at the end of the tube. This 
type of steaming can have a positive influence on the efficiency of a thermo-acoustic system if 
controlled properly, according to the conclusion drawn by Frampton [92]. Frampton identify 
two potential advantages for acoustic streaming in micro-fluidic devices, which include 
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thermo-acoustic devices. The first is that streaming may overcome viscous forces associated 
with micro-scale channels and the second is that streaming forces scale favorably as the channel 
diameter decreases [92]. A clear understanding of streaming within the regenerator can play a 
vital role in increasing the efficiency of thermo-acoustic systems.  
The Gedeon streaming was clearly observed and dealt with by Swift and Backhaus [93] in their 
Stirling- like thermo-acoustic system. The four types of streaming discussed are depicted in 
Figure 2.11.  
 
Figure 2.11: Illustration of some types of mass streaming. (a) Gedeon streaming (b) Rayleigh streaming 
(c) Jet-driven convection or streaming (d) streaming within stack or regenerator (adapted from ref. [93]) 
The Figure 2.11 shows some types of mass streaming, generally harmful to thermo-acoust ic 
systems and refrigerators or coolers. The unwanted mass flow can be estimated as:  
 
Ṁ̃2 =
1
2
𝑅𝑒[𝜌1Ũ1] +  𝜌𝑚 𝑈2,0,   
(2.6) 
where Ṁ̃2the second-order is time-averaged mass flux, 𝜌1 is the density of the working gas, 
which is a function of the pressure amplitude, Ũ1 is the time-averaged volumetric velocity, 𝜌𝑚  
is the mean gas density and 𝑈2,0  is the second-order time-averaged velocity [94]. The streaming 
effect is well defined as carrying part 𝚀ℎ towards the secondary cold heat exchanger, an 
unwanted leaking of heat which can double the heat input is required to sustain the acoustic 
wave which degrade the efficiency of the system [95]. The mass flux brings more cold air into 
the cold end of the regenerator or stack and changes the temperature gradient profile, making 
it nonlinear [95]. A jet pump is used to drop the pressure near the cold end of the regenerator, 
depending on what is known as the asymmetry end effect. The main aim is to bring the value 
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of  Ṁ̃2 to zero. The function of the jet pump is to suppress the mass flux, which can be achieved 
by geometrical adjustment of the jet pump [95]. The opening of the jet pump is regarded as the 
key parameter by which the mass flux can be reduced, suppress or reversed in direction. 
Most of the researchers prefer jet pumps than elastic membrane, because they maintained the 
major advantage of thermo-acoustic systems over conventional alternatives (the absent of 
moving parts) [96]. The mathematical approach used by Swift and Backhaus in 2003 [97] was 
based on analyzing how the temperature at the mid-span of the regenerator responds to the 
changes in streaming flows through the regenerator, which are themselves controlled by the 
temperature at the Centre of the regenerator. Streaming stability can be defined as an 
instantaneous flow between the Centre of the regenerator and its two ends as adaptive response 
to the changes in streaming flow [97]. Another research study was conducted later on to 
investigate the third type of streaming mentioned in Figure 2.11 (internal streaming instability 
in regenerators) [98]. Thermo-acoustic Stirling engines were identified as immune to streaming 
instability.  
In 2006, Qui et al [99] conducted a research study to investigate experimentally the effect of 
Gedeon streaming in a travelling-wave thermo-acoustic engine. They tested the operation of 
the engine under four conditions, the first being without suppression of Gedeon streaming, 
while each of the other three conditions used a different method of suppressing the streaming: 
an intact elastic membrane, a perforated elastic membrane and jet pump [99]. The model 
studied by Qui et al is depicted in Figure 2.12.  
 
Figure 2.12: Thermo-acoustic engine showing locations of the jet pump or elastic diaphragm (adapted from ref. [99]) 
The temperature profiles along the thermal buffer tube (TBT) and regenerator were monitored 
during the testing of the prototype in all cases and the data were used to obtain a set of 
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normalized values of temperature [100]. The measurements were taken at different pressure 
ratios before onset. The shape of the temperature profile obtained in this research study was 
used to identify the existence of Gedeon streaming. After analyzing the results, it was found 
that the jet pump was partially successful in suppressing the streaming and the same results 
was obtained with the perforated membrane [100]. Intact membrane showed complete success. 
The total output power was measured in all cases, using microphone method. Completely 
suppressing acoustic streaming was observed to more than double the acoustic power output 
compared with no suppression [100]. Variation in the acoustic pressure amplitude was 
investigated. The experimental results showed that the use of a jet pump gave a higher pressure 
amplitude than when using the perforated membrane for the same amount of input heating 
power. However, the acoustic power output in the jet pump case was lower due to acoustic 
power dissipation. The heating temperature in the case of intact membrane was higher than any 
other case [100]. It is also clear that the engine efficiency was higher in that case. Increasing 
the heating temperature while maintaining the cooling temperature will increase the Carnot 
efficiency [100]. The linear temperature profile along the regenerator results in higher thermo -
acoustic conversion at the same input heating power. 
2.6 Stability in looped-tube thermo-acoustic systems  
In order to present the stability limits, the onset temperature difference is normally plotted 
against the mean pressure for the operation of thermo-acoustic system [101]. The onset 
temperature difference at a specific operational mean pressure is the minimum temperature 
difference between the two ends of the regenerator or stack at that pressure [101]. The region 
that falls underneath the plotted curve is called the stability region, where no oscillation occurs 
within the system, the region above the stability curve is known as the instability region, where 
the oscillation occurs [101]. In thermo-acoustic systems, the work flow is the net acoustic 
power produced in the regenerator or stack minus the net energy dissipated in the system. 
Instability is normally occurring when the net work flow has a positive magnitude. It is crucial 
to recognize the operation zone of the thermo-acoustic system [101]. In 1994, Atchley and Kuo 
[102] conducted a research study on stability curves for a thermo-acoustic prime mover. 
Atchley and Kuo [102] presented their results graphically, whereby the stability curve were 
plotted for a standing-wave engine under two different conditions. This work pointed out that, 
the onset temperature difference must be high enough for the acoustic wave to be excited [102]. 
Also, there was found to be a minimum onset temperature difference corresponding to each 
specific mean pressure, which could be found at the lowest section of the curve. Figure 2.13, 
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region I is that in which the fundamental mode is unstable, region II is where the second mode 
is unstable and region III both nodes are unstable [102].  
 
Figure 2.13: Stability curves for fundamental and second modes of the prime mover (adapted from ref. 
[102]) 
In order to sustain the acoustic wave at any mode, both mean pressure and onset temperature 
difference must lie in the corresponding instability zone on the graph [103]. It is crucial to note 
that the thermo-acoustic effect disappears in purely adiabatic or isothermal processes, which 
suggests that a small component of standing-wave is essential for the operation of travelling-
wave systems [103]. Another stability analysis of both travelling-wave and standing-wave 
thermo-acoustic systems have been done for many working gases, such as air, nitrogen, helium 
and mixtures of gases including argon and helium [103]. Atchley [104] noticed that onset 
condition is reached once the temperature difference between the two ends of the regenerator 
exceeds a certain limit, which can vary with the mean pressure of gas within the system and 
the type of working gas that is used. 
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It is crucial to know the stability limits for the operation of thermo-acoustic system in order to 
design and construct practical system that can be used efficiently for different applications  
[105]. A practical and feasible thermo-acoustic system can be constructed to use thermal energy 
from a relatively low temperature source and extend the area of application [105]. In 2006, Qiu 
et al [106] studied the effect of introducing a limited pressure disturbance to help the system to 
overcome the internal viscous losses and allow the Stirling thermo-acoustic engine that they 
had constructed to reach onset at lower temperature differences [106]. The results found by 
Qiu et al encourage and open doors for additional development of thermo-acoustic systems.  
2.7 Concluding remarks  
Recent developments in thermo-acoustic technologies have demonstrated that multi-stage 
travelling-wave thermo-acoustic system would be a promising option for harvesting waste heat. 
Previous research studies on multiple stage looped thermo-acoustic systems were focused on 
heat pumping or heat-driven refrigeration, while fewer work were done on power generations. 
The development of thermo-acoustic system driven by a low onset temperature and able to 
achieve a high efficiency is essential for any practical application. There is evidence of several 
experimental models that have used waste heat, making this concept suitable for heat recovery 
applications.   
Gedeon streaming appears in the oscillating flow when there is a loop. Previous research 
studies show that the Gedeon streaming significantly changes the temperature distribution of 
the regenerator and may seriously affect the performance of thermo-acoustic engine. In order 
to improve the performance of thermo-acoustic system, some methods have been proposed to 
suppress or eliminate (by using an elastic membrane) the Gedeon streaming. This work will be 
helpful for future developments of waste heat recovery.  
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Chapter 3: Methodology  
---------------------------------------------------------------------------------------------------------------- 
3.1 Introduction  
Thermo-acoustic phenomena are essentially understood as thermodynamic interactions 
between a sound wave and solid material in the present of temperature gradient in the direction 
of sound wave propagation. Four stage travelling-wave thermo-acoustic systems are recently 
being developed with the aim of utilizing low temperature differences from solar vacuum tube 
collectors or waste heat. This chapter aims to analyse this type of system through 
comprehensive experimental research. In line with the development of thermo-acoust ic 
systems, this chapter focuses on the instrumentation and experimental procedure. The 
experimental apparatus including the details of the engine as well as the requirements for the 
setup are discussed. The experimental parts have been designed using Inventor software (as 
shown in appendix B1 to B4) and then manufactured in the machine workshop at the Univers ity 
of Johannesburg.  
This chapter also describes the methods used to collect data in this research study. The criteria 
used to select material for developing four-stage traveling-wave thermo-acoustic system has 
been discussed. 
3.2 Criteria in material selection 
The selection of the suitable materials is one of the most critical decisions that must be made 
during the design process. It is also one of the most difficult decisions because of the large 
variety of materials available. When selecting the materials for developing a multi-stage 
travelling-wave thermo-acoustic system, the following factors were taken into consideration: 
Cost, availability, mass, strength, rigidity, factor of safety, stiffness of a material, fatigue, 
toughness, high temperature applications, corrosion, and weldability.  
3.3 Key components  
The thermo-acoustic system core consists of three crucial parts: hot heat exchanger, regenerator 
and cold heat exchanger, where the thermo-acoustic processes take place. The method of 
designing such heat exchangers is different from each researcher. It depends on the amount of 
heat the system needs to be supplied and the amount of heat the system needs to reject. 
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3.3.1 Hot heat exchanger (HHX) 
In practice, heat is transferred to the system via a hot fluid such as hot water or thermal oil in 
most thermo-acoustic devices [107]. In this experimental investigation, electrical heating is 
chosen. An electrical heater can be made out of electric wire from a range of conductive 
materials. However, the production of such an exchanger is time consuming and therefore 
costly. Considering these two reasons, 10 mm (diameter) cartridge heaters with a length of 150 
mm are chosen, suitable for variable heat generation up to 200 watts each. The heat supplied is 
adjusted with the use of variable AC transformer. Each stage has four cartridge heaters, 
connected in parallel at one side of the regenerator as shown in Figure 3.1 and Figure 3.2. Heat 
is transferred to the regenerator by conduction through copper strip. Between the hot heat 
exchanger and the regenerator, there is some holes where thermocouples can be placed for 
temperature measurements. The maximum operating temperature for the hot heat exchanger is 
between 650℃ and 1000℃. Copper strip has been selected because of its high thermal 
conductivity properties. Copper strips is cut into 200 mm, folded around a bench vice to obtain 
a 90º angle, drilled and placed over the cartridge heaters inside the regenerator tube. The 
thickness and width of the copper strip is 5 mm and 20 mm. Construction process of the hot 
heat exchanger is shown in Figure 3.3. Same procedure was followed to design and construct 
the hot heat exchangers of all the stages. Fire sealant (Dan braven) were used to ensure that 
there is no air leaks near the cartridge heaters. This type of heat sealant were chosen since it 
can resists high temperatures up until 1200ºC and it’s cheap.  
 
Figure 3.1: Photograph of hot heat exchanger 
 
Figure 3.2: Hot heat exchanger by inventor 
software 
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Figure 3.3: Construction of hot heat exchanger 
3.3.2 Cold heat exchanger (CHX) 
In order to remove the heat from the system, a cold heat exchanger has been designed as shown 
in Figure 3.4. Water with ambient temperature is used to cool the system which is fed to the 
ambient heat exchanger. The circulation water used for the ambient heat exchanger is supplied 
from a tape through tubing transparent pipes of 6 mm diameter as shown in Figure 3.5. Ten 
copper tubes of 6 mm outside diameter and a thickness of 0.4 mm are placed parallel. Copper 
strips (5×20×80 mm) are drilled and placed over the tubes touching the regenerator to ensure 
proper heat conduction from the regenerator to the water flow (Figure 3.5). 
   
Figure 3.4: Construction of cold heat exchanger 
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Figure 3.5: Assembly of cold heat exchanger 
3.3.3 Regenerator (REG) 
The following requirements apply to the regenerator selection: Firstly, small hydraulic radius 
to ensure good thermal contact between regenerator and the gas [108]. Secondly, low 
conductive material to minimize conduction losses from hot to cold heat exchanger. Thirdly, 
high porosity to provide high gas volume in the cycle to increase power density  [108]. Two 
regenerator materials are commonly used in thermo-acoustic engine: stainless steel in the form 
of wire mesh or honeycomb ceramic material in the form of a square. The thermal conductivity 
of the honeycomb ceramic is lower than the wire mesh. Therefore, honeycomb ceramic has 
been selected for this design, due to its good thermal contact, availability and low thermal 
conductivity. The honeycomb ceramic in the square shape is cut by (85 × 95 mm), so it can be 
inserted in the regenerator tube (Figure 3.6). The honeycomb ceramic regenerator used in this 
experimental research has 400 CPSI, with square spores and is depicted in Figure 3.6. 
Honeycomb ceramic properties are summarized in Table 3.1. 
  
Figure 3.6: Honeycomb ceramic regenerator 
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Table 3.1: Honeycomb ceramic regenerator  
Regenerator specifications  
Material  Honeycomb ceramic regenerator  
Pore size range 400 CPSI 
Specific heat 1047 J/kgK 
Melting point 1600℃ 
Height/Width/ length  95 x 95 × 85 mm 
Thermal conductivity 0.42 W/m. k 
Coefficient of thermal 
expansion  
0.7 ℃ ×10-6/K 
3.3.4 Regenerator tube  
The regenerators and heat exchangers are placed in the travelling-wave looped tube. However, 
PVC is not suitable as tube material here, since the hot heat exchanger temperatures exceeds the  
maximum PVC temperature of 80℃ [109]. The regenerator tube has to meet the following 
requirements: firstly, the effective conduction of the tube has to be low since conductive heat 
losses from hot to cold heat exchanger have to be minimized. Secondly, the tube must withstand 
temperatures up to 500℃ [109]. The system has a looped-tube configuration and is made of a 
stainless-steel square pipe with galvanized flanges at the ends. The combined total length of the 
flanges and stainless-steel square pipe is 250 mm. All flanges are ASME grade 316L and class 
300. The regenerator tube has a constant cross-sectional area throughout. The system was 
designed to handle a mean pressure of up to 10 bar. The regenerator tube and flanges are 
produced on the lathe according to the dimensions shown in Table 3.2. Flanges are welled on 
both sides to connect to the steel pipe, then after to the PVC loop so that the system is airtight. 
Regenerator tube is depicted in Figure 3.7. 
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Table 3.2: Regenerator tube specifications 
Regenerator tube specifications 
Material of regenerator tube Mild steel  
Melting point  1370ºC 
Regenerator tube wall thickness 3 mm 
Length of regenerator tube with flanges 250 mm  
Material of the flange connected to the regenerator 
tube  
Galvanized steel  
Class and grade  300  and ASME 
Inside diameter and thickness 100 mm and 10 mm 
Outside diameter  210 mm  
 
  
Figure 3.7: Regenerator tube 
3.3.5 Resonator  
This experimental investigation involves different stage setups, therefore the thermo-acoust ic 
system has to be reconfigurable in order to accommodate both single-stage and multiple-stage 
configuration. The tube material has to be easy to reconstruct. For the above reasons, metal 
loops, which is commonly used in thermo-acoustic devices are not favourable for this design. 
PVC is chosen for this design, which is often a used material in small scale thermo-acoust ic 
devices. The resonant tube is made out of two different parts that are connected by PVC pipe 
fitting. The first part that is connected to the regenerator tube is a steel pipe with a diameter of 
60 mm and a length of 200 mm. The second part is a PVC tube with a diameter of 50 mm and 
a length of 120 mm. Table 3.3 summarises the specifications and dimensions of the resonance 
tubes. Resonant tubes are depicted in Figure 3.8.  
201221144 
 
Page | 59 
 
Table 3.3: Resonator specifications 
Resonator specifications 
Material of resonator tube  PVC 
Thickness  2 mm 
Length  120 mm 
Part connected to the regenerator tube  Medium carbon steel 
Length  200 mm  
Inside and outside diameters  50 & 60 mm 
Melting point of medium carbon steel  1410 ºC 
 
  
Figure 3.8: Resonators. 
3.3.6 Audio loudspeaker  
To convert acoustic energy to electric power, there are some commercially available devices, 
such as piezoelectric generator, liner alternators and audio loudspeakers. Loudspeakers might 
be treated as low impedance alternators (because they usually have relatively small moving 
mass and stiffness) with audio loudspeakers being cheaper than comparable linear alternator. 
The audio loudspeakers were originally manufactured for high quality, and not to convert 
acoustic power to electric power. An audio loudspeaker was used for the acoustic-to-electric ity 
201221144 
 
Page | 60 
 
conversion in this research study. The housing of the audio loudspeaker used in this 
experimental research was made by transparent Perspex as shown in Figure 3.9. This housing 
of the loudspeaker was created to minimize the acoustic power losses during the coupling of 
the speaker and engine. Table 3.4 summarises the properties of the audio loudspeaker 
considered in this analysis.  
 
 
Figure 3.9: Kenwood loudspeaker. 
 
Table 3.4: Properties of Kenwood audio loudspeaker 
Rated power  21 Watts  
Peak power  210 watts  
Resistance  4 ohms  
 
3.3.7 Assembly of the prototype  
Thermo-acoustic system has three crucial components namely the cold heat exchanger, the 
regenerator as well as the hot heat exchanger as shown in Figure 3.10 and Figure 3.11. The 
regenerator is sandwiched between both heat exchangers. The regenerator contains pores, so 
gas can vibrate in longitudinal direction. There is basically no net flow inside the looped tube, 
there are only oscillations, molecules being pushed forwards and backwards transporting a 
wave counter clockwise through the tube [110]. The engine core has four flanges. Each side of 
the regenerator tube has two flanges that are connect by four bolts and between these flanges 
there is a gasket of 5 mm in thickness. Flange gasket are used to create a static seal between 
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two flanges faces, at various operating conditions, with varied pressure and temperature ratings. 
This gasket fills the microscopic spaces and irregularities of the flange faces, and then it forms 
a seal that is designed to keep gases. Two galvanized steel reducers were used to each engine 
system to reduce the diameter of the screwed flanges from 100 mm to 50 mm. Thread seal tape 
was used to prevent the threads from seizing when being unscrewed. The steel pipe of 200 mm 
in length and 60 mm outside diameter were welded together with a steel reducer to ensure that 
the system is airtight. 
 
Figure 3.10: Photograph of the thermo-acoustic engine core. 
 
Figure 3.11:Thermo-acoustic core by inventor software. 
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The engine had to be easy to assemble and disassembled, so that various configurations could 
be tested. The constructed parts of single stage travelling-wave thermo-acoustic system were 
assembled according to Figure 3.12.  
 
Figure 3.12: Single stage travelling-wave thermo-acoustic system. 
Two stage travelling-wave thermo-acoustic system were constructed as shown in Figure 3.13. 
 
Figure 3.13: Two stage travelling-wave thermo-acoustic system. 
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Three stage travelling-wave thermo-acoustic system were constructed as shown in Figure 3.14.  
 
Figure 3.14: Three stage travelling-wave thermo-acoustic system. 
Four stage travelling-wave thermo-acoustic system were constructed as shown in Figure 3.15 
and Figure 3.16.  
 
Figure 3.15: Four stage travelling-wave thermo-acoustic system. 
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Figure 3.16: Four stage travelling-wave thermo-acoustic system by inventor software 
The type of bolts and reducers used for assembling the prototype are shown in Figure 3.17.  
   
Figure 3.17: Steel reducer, bolt and nut diagram 
The multi-stage travelling-wave thermo-acoustic system was successfully constructed in order 
to conduct an experimental investigation on the effect of increasing the number of engine stages 
in the system. This experimental scheme is to obtain the following characteristics of the 
regenerator: Measurements of the temperature difference (ΔT) obtained across the regenerator 
ends in each case. Measurements of the sound pressure level (SPL) obtained at the resonant 
tube open end (this sound is converted to electric power with the use of audio loudspeaker). 
3.4 Working gas  
The selection of the working gas in the system is based on the Prandtl number, known as the 
ratio between the thermal and viscous penetration depth [110]. A low Prandtl number for the 
working gas is preferable. However, refilling the system with argon or any other gas than air 
after reconfiguration is a time-consuming process. Therefore, air at atmospheric conditions is 
chosen as the working fluid in this experimental investigation. The properties of air have been 
tabulated in appendix A.1.1, listed by the temperature in ascending order. The properties listed 
are density, thermal conductivity, Prandtl number and viscosity specific heat capacity.  
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3.5 Experimental apparatus  
A common method normally used by researches to record temperature is through the use of 
thermocouples. K-type thermo-couples (plain pot with tails termination) have been selected for 
this experimental research work. They are made of nickel chromium from RS components  
[111]. According to RS components, these types of thermocouples allow for a temperature 
range of -40ºC to 1100℃ [111]. The accuracy of the thermocouples is ±2.5℃ [111]. The 
acoustic pressure measurements are made by a sound level meter (Lutron SL 4013) which, 
when placed near the driver end, measures the dynamic pressure (Po). The accuracy of the 
sound level meter, as indicated by Lutron Electronic  [111] is ±1.5 dB. The analog signals 
generated by sensors are obtained using data acquisition (DAQ) hardware (as shown in Fig. 
3.18). Once these signals are interpreted by the data acquisition (DAQ), a digital signal is sent 
to a computer for processing, recording and analysing. Although there are numerous possible 
solutions for acquiring and processing analog data, LabVIEW 2011 version has been selected 
as the environment for data visualization and processing, together with a National Instruments 
(NI) DAQ hardware (NI USB-9211A and NI myDAQ). A portable USB based DAQ is chosen 
for thermocouple measurement (National Instruments hardware NI USB-9211). The sound 
level meter is a portable five digits, compact sized and digital displayed designed for long term 
measurements, with an operating environment of 0 to 50℃ [111]. This sound level meter has 
been connected to the NI myDAQ hardware to compute the Fast-Fourier Transformation (FFT) 
for analysing and measuring the signals from DAQ devices. This FFTs are computed to 
evaluate the resonant frequency of thermo-acoustic system. The experimental model shown in 
Fig. 3.18 is a multiple stage travelling-wave thermo-acoustic system, including the following 
components: Cartridge heaters, resonant tube, loudspeaker, transformers, regenerator and 
measuring equipment.  
3.6 Experimental procedure  
The cycle starts off with circulating cold water in the cold heat exchangers for both single stage 
and multiple stage. Then after, power was supplied to the system through a variable transformer 
and a set of cartridge heaters. Electrical power was supplied to the cartridge heaters at a 
maximum voltage range of 150 to 190 V. Digital multi- level meter was used to set up the 
voltage to the required voltage input. In addition, the voltage supplied to the cartridge heaters 
was recorded. In conjunction with the resistance data from the cartridge heaters, the applied 
electric power was calculated using the direct correlation from ohm’s law 𝑃 =
𝑈2
𝑅
. Ohm’s law 
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states that, the current through a conductor between two points is directly proportional to the 
voltage across the two points.    
 
Figure 3.18: Schematic diagram of experimental apparatus  
To monitor and measure the temperature difference (ΔT)  across the regenerator for both single 
stage and multiple stage, two thermocouples (K-type) were mounted on the cold and hot side 
of the regenerator. The thermocouples are then connected to the data acquisition device (DAQ) 
which is in turn connected to the computer. The microphone of the sound level meter was 
mounted coaxial with the resonant tube (Fig.3.18) positioned 40 mm from the open end of the 
travelling loop, in order to record the sound pressure output of the system. The resulting sound 
pressure level was recorded in case of oscillations. Each test was run approximately for 15 
minutes. This is to identify the time taken to reach the onset temperature difference (ΔT) across 
the regenerator. The onset time is defined as the time it takes for the engine to start producing 
sound. Three tests were performed and the average results have been reported for both single 
stage and multiple stage. Audio loudspeaker was used in order to convert acoustic energy to 
electric power. Digital multi- level meter was used to measure the amount of voltage generated 
for both single stage and multiple stage. Measurement of the temperature difference was done 
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on each end of the regenerator as it is this temperature difference that is directly responsible 
for the acoustic output of the system.  
3.7 Characterization of the engine  
The determination of the performance of the engine requires the knowledge of different powers 
and temperatures in the system. The thermal power input to the system delivered by hot air 
flow or the thermal power extracted by flow water from the cold heat exchanger is given by 
[112]: 
 ˚𝚀 = 𝜌𝑐𝑝𝑈(𝑇𝑜 −  𝑇𝑖), (3.1) 
where 𝜌 is the density of hot air or water,𝑐𝑝 is the specific heat capacity of air or water, 𝑈 is 
the volume flow rate of air or water, 𝑇𝑖 and 𝑇𝑜 are the input and output temperatures of the 
stream flowing through the heat exchanger. The volume flow rates of air and water are 
measured with flow meters and the temperatures are measured by K-type thermocouples placed 
at the inlet and outlet of the heat exchangers.  
The thermal power input from the cartridge heaters is given by:  
 𝚀ℎ = 𝑉𝐼, (3.2) 
Where 𝑉 is the voltage across the cartridge heater, and 𝐼 is the current.  
3.7.1 Efficiency  
The heat engine efficiency is defined as the Carnot efficiency [112]: 
 
ɳ𝐶𝑎𝑟𝑛𝑜𝑡 = 1 −  
𝑇𝐶
𝑇𝐻
 , 
(3.3) 
where 𝑇𝐶the temperature (in kelvins) on the cold side of the regenerator and 𝑇𝐻 is the 
temperature on the hot side of the regenerator. The actual engine’s overall efficiency can be 
calculated by dividing the acoustic power Ṕ𝑎𝑐  produced once the hot heat exchangers have 
reached their maximum temperature by the amount of electrical power Ṕ𝑒𝑙 consumed by the 
cartridge heaters [112]:  
 
ɳ =  
Ṕ𝑎𝑐  
Ṕ𝑒𝑙  
 . 
(3.4) 
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The electrical power consumed by the cartridge heaters can easily calculated by dividing the 
squared of the RMS value of the voltage 𝑉 supplied by the total electric resistance 𝑅 of the 
cartridge heaters [112]:  
 
Ṕ𝑒𝑙 =  
[
1
√2
𝑉]
2
 
𝑅
=
𝑉2
2𝑅
 . 
(3.5) 
It is crucial that this measurement be done once the engine has reached steady state, that is, 
once the hot heat exchangers (HHX) have reached their maximum temperature and this 
temperature remains stable over a period of time. In transient state, part of the electrical power 
supplied to the cartridge heaters is used to raise the temperature of the heat exchangers, thus 
giving the false reading of the actual efficiency. The efficiency of a heat engine can typically 
expressed as a percentage of the Carnot efficiency  [113]: 
 𝑒 =  
ɳ
ɳ𝐶𝑎𝑟𝑛𝑜𝑡
 × 100. (3.6) 
3.8 Summary of methodology   
The four-stage travelling-wave thermo-acoustic system was constructed and successfully tested 
in order to measure the onset temperature difference, onset time, sound pressure level (SPL) 
and electricity generated. The volume flow rate of water entering the cold heat exchanger was 
also measured with the glass beaker and stopwatch. Multiple regenerator units were connected 
in series. An elastic membrane has been used in this research study, in order to suppress (or to 
eliminate) the Gedeon streaming in the thermo-acoustic system. 
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Chapter 4: Results and discussions  
---------------------------------------------------------------------------------------------------------------- 
4.1 Introduction  
In this chapter, the results of the study are presented and discussed with reference to the aim of 
the study, which was to develop and build a prototype in order to advance the science and 
technology behind the thermo-acoustic energy conversion process. To evaluate the thermal 
performance of the system, the temperature difference (ΔT) across the regenerator ends and 
the hot regenerator end are the main focus of the present work. Therefore, the present work is 
a contribution to the study of temperature fields across the regenerator and at the neighboring 
working fluid, with an objective to improve the understanding of the physics underlying the 
thermo-acoustic effect. The temperature difference across the regenerator for both single stage 
and multiple stage has been recorded after each experiment. Each stage were tested separately, 
then after they were tested connected together. The use of audio loudspeaker as a linear 
alternator to convert acoustic power to electric power are discussed in this chapter. The 
influence of the number of engine stages on the performance of the system are also discussed 
in this chapter. The experimental results obtained show the potential for this sustainab le 
solution for electricity generation. 
4.2 Single stage travelling-wave thermo-acoustic system  
The single stage travelling-wave thermo-acoustic system was constructed and successfully 
tested to generate acoustic power. Through the process of design, an elastic membrane was 
used to eliminate the Gedeon streaming in the travelling-wave thermo-acoustic system. 
Experiments show that the performance of the thermo-acoustic system can be remarkably 
improved with efficient streaming suppression. When Gedeon streaming was suppressed 
completely, maximum sound pressure level (SPL) of 136.3 dB was obtained. This experiment 
was conducted at atmospheric pressure and ambient room temperature. The working fluid used 
for the thermo-acoustic system was air. The experimental set-up of the single stage travelling-
wave thermo-acoustic system is shown in Fig.3.12. 
4.2.1 Evolution of temperature as function of time  
In this experiment, the effect of the input power on the temperature difference across the 
regenerator was investigated. Onset temperature difference, understood as the minimum 
difference between the temperatures of the cold and hot ends of the regenerator necessary to 
induce the engine’s self-oscillations. During the experiment, electrical power was supplied to 
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the cartridge heaters at a maximum voltage range of 150 to 190 V. When 190 V was supplied 
to the system, the engine reached an onset temperature difference of 231.67℃ after 217 
seconds. At this point, the working gas waves begin to transfer the heat energy from hot heat 
exchanger to the hot side of regenerator faster. Therefore, both the temperatures of hot heat 
exchanger and regenerator reach the steady state, with the continuation of the spontaneous 
acoustic oscillations, producing acoustic power accordingly. It should be noted that, the engine 
takes longer to produce a sound when the input power has been decreased to 150 V. Figure 4.1 
shows a plot for the temperature difference as a function of time. Three trails of the experiment 
were conducted in order to obtain an accurate result. The amplitude of the sound produced was 
recorded to be 136.3 dB. The sound produced was sustained throughout the experiment, which 
lasted 15 minutes. Before taking readings for the next set of experiments, the engine was 
allowed to cool off.  
 
Figure 4.1: Temperature difference across the regenerator 
4.2.2 Generated voltage: single stage configuration  
Electric power is supplied to the cartridge heaters by setting the voltage within a range of 150 
to 190 V. Acoustic oscillations starts spontaneously in the system when the temperature 
difference between the cold and hot end of the regenerator exceeds the onset temperature 
gradient. The acoustic power produced is extracted as useful output power and converted into 
electrical energy by the audio loudspeaker. The extracted voltage was measured with a digita l 
multi-meter. Results of single-stage configuration are shown in Table 4.1 and graphica lly 
represented in Figure 4.2. This result reveals that the input voltage is proportional to the sound 
level produced by the engine. The higher the voltage, the higher the sound level generated. The 
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increase in sound causes the increase in electricity generation. Interestingly, the lower the 
power supply, the longer it takes for the engine to start producing sound. 
Table 4.1: Single stage configuration results  
Voltage 
supply [V] 
Sound pressure 
level [dB] 
Onset time [Min: Sec] Onset temperature 
difference [℃] 
Generated 
voltage [mV] 
190 136.3 3:37 231.67 834 
180 132.1 4:49 250.67 831 
170 126.5 6:51 274.34 803 
160 119.8 8:39 288.34 788 
150 113.1 9:29 309.33 763 
 
 
Figure 4.2: Generated voltage and onset time as a function of input voltage 
4.2.3 Frequency spectrum of the emitted sound  
When one side of the regenerator is heated and the other side of the regenerator is cooled off 
with water, the engine begins to emit sound. The theoretical value of the sound-wave frequency 
(f) can be estimated knowing the total length (L) of the system as follows [114]:  
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𝐿 = 𝜆 =
𝐶
𝑓
 ,                                                                               (5.1) 
with 𝐶 being the sound speed: 346 m/s and λ is the wavelength. With the total length of 3 560 
mm, the theoretical frequency is 97 Hz. In this experiment, an input voltage of 190V was 
supplied to the hot heat exchanger. The sound-wave frequency measured was approximate ly 
138 Hz as shown in Fig. 4.3. 
 
Figure 4.3: Frequency spectrum of sound output 
4.2.4 Sound pressure level as a function of power input  
Figure 4.4 presents the resulting pressure level (SPL) as a function of the input power. 
According to the results presented in Figure 4.4, the sound pressure level is directly 
proportional to the input power. As the input power increases the SPL also increases. The sound 
pressure level value was assumed to be zero when no sound output was produced. In addition, 
sound was heard and recorded at different input powers in many measurements.  
The highest measured sound pressure level for honeycomb ceramic regenerator is about 136.3 
dB corresponding to the highest input power of 190 W. At low power input, no sound output 
was produced. This experimental work reveals that only a small fraction of this input power is 
ultimately converted into acoustic power. The remaining energy was lost to the surroundings 
via radiation, convection and conduction.  
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Figure 4.4: Sound pressure level as a function of the input voltage 
4.3 Two stage travelling-wave thermo-acoustic system  
The design, construction and experimental evaluation of a two-stage loop-tube travelling-wave 
thermo-acoustic electricity generator has been presented and discussed in this section. The 
design includes two identical stages with an audio loudspeaker. The experimental work on the 
two-stage generator has been conducted, covering a number of aspects. Firstly, effect of 
increasing number of engine stages has been evaluated. Secondly, the onset temperature 
difference across the regenerator is measured and discussed. Lastly, sound pressure level and 
frequency are also measured and compared with the one obtained in a single-stage thermo-
acoustic system.  
4.3.1 Evolution of temperature as function of time: two stage configurations  
The effect of the input voltage on the temperature difference across the regenerator was 
investigated. During the experiment, electrical power was supplied to the cartridge heaters at a 
maximum voltage range of 150 to 190 V. The temperatures of the regenerator were measured 
via thermocouples. The onset temperature difference across the regenerator was determined to 
be 228.64℃ at the highest heating voltage of 190 V. The time taken by the engines to produce 
sound was 145 seconds. It should be mentioned that the onset temperature difference of the 
two-stage travelling-wave system is lower as compared with the one of the single-stage 
configurations. The addition of the second stage decreases the onset temperature difference as 
well as the onset time. The results obtained in this experimental investigation, reveals that the 
input voltage is inversely proportional to the onset temperature difference. The experiment took 
15 minutes to reach a maximum temperature difference of 619.7℃. This experiment was 
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conducted at atmospheric pressure and ambient room temperature. Figure 4.5 shows a plot for 
the temperature difference as a function of time.  
 
Figure 4.5: Temperature difference across the regenerator (Two stage) 
4.3.2 Generated voltage: two stage configurations  
In this experiment, two-stage configuration was tested. Electric power is supplied to the 
cartridge heaters by setting the voltage within a range of 150 to 190 V. The acoustic power 
produced is extracted as useful output power and converted into electrical energy by the audio 
loudspeaker. It is expected that higher power could be generated at lower onset temperature 
difference. The results reported in this section reveals that two-stage thermo-acoustic system 
has a great potential for developing inexpensive electric generators. Based on the results 
reported in Table 4.2 and Figure 4.6, it can be clearly seen that the addition of the second stage, 
increases the sound pressure level and electricity generation. Results of two-stage configura t ion 
are shown in Table 4.2 and graphically represented in Figure 4.6. 
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Table 4.2: Two stage configuration results 
Voltage 
supply [V] 
Sound level 
[dB] 
Onset time 
[Min: Sec] 
Onset temperature 
difference [℃] 
Generated 
voltage [mV] 
Engine 1 Engine 2 
190 170.3 2:25 231.67 228.64 1550 
180 162.3 3:52 250.67 246.34 1425 
170 139.8 4:56 274.34 258.47 1394 
160 134.7 5:43 288.34 270.68 1387 
150 130.3 6:33 309.33 293.35 1355 
 
Figure 4.6: Generated voltage and onset time as a function of input voltage (two stage configuration) 
4.3.3 Frequency spectrum of the emitted sound: two-stage configuration 
The thermo-physical properties of the working gas, the design, and the dimensions of a thermo-
acoustic device affect its operation. The straight part of the resonator with the thermo-acoust ic 
core was the same as in the last experimental investigation into the single stage configurat ion. 
The second stage was placed at a distance of 640 mm away from stage one.  This experimenta l 
investigation was conducted in order to identify the frequency of the emitted sound. The 
resonant frequency estimated experimentally was approximately 100 Hz corresponding to the 
first highest peak as shown in Fig. 4.7. Interestingly, this value is closer to the theoretical value 
of the resonant frequency estimated to be 97 Hz.    
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Figure 4.7: Frequency spectrum of sound output (two-stage configuration) 
4.3.4 Sound pressure level as function of power input: two-stage configuration 
The highest measured sound pressure level for honeycomb ceramic regenerator is about 170.3 
dB corresponding to the highest input voltage of 190 V. The addition of the second stage 
increases the sound pressure level. According to the results presented in Figure 4.8, the sound 
pressure level is directly proportional to the input power, as the input power increases the SPL 
also increases. 
 
Figure 4.8: Sound pressure level as a function of the input voltage (two stage configuration) 
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4.4 Three stage travelling-wave thermo-acoustic system  
In this section, the three-stage travelling-wave thermo-acoustic system with audio loudspeaker,  
have been proposed and experimentally studied. This experimental work covers a number of 
aspects. Firstly, effect of increasing number of engine stages has been evaluated. Secondly, the 
onset temperature difference across the regenerator is measured and discussed. Lastly, sound 
pressure level and frequency are also measured and compared with the one obtained in a two 
stage thermo-acoustic system. 
4.4.1 Evolution of temperature as function of time: three stage configurations  
Three stage travelling-wave thermo-acoustic system can start to oscillate with quite low 
temperature difference along the regenerator. The temperatures of the regenerator were 
measured via thermocouples. The lowest onset temperature difference across the regenerator 
was determined to be 220.34℃ at the highest heating voltage of 190 V. The time taken by the 
engines to produce sound was determined to be 129 seconds. It should be mentioned that the 
onset temperature difference of the three-stage travelling-wave system is lower as compared 
with the one of the two-stage configuration. The addition of the third stage decreases the onset 
temperature difference as well as the onset time. The results indicate that all the regenerators 
in three configurations have been located near the pure travelling-wave positions. Figure 4.9 
shows a plot for the temperature difference as a function of time at the heating voltage of 190 
V. 
 
Figure 4.9: temperature difference across the regenerator (three stage configuration) 
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These results suggest that adding stages to travelling-wave system lowers the onset temperature 
difference and operating temperature.  
4.4.2 Generated voltage: three stage configurations  
In this experiment, audio loudspeaker was used to convert acoustic power to electric power. 
The minimum temperature that could produce a sound was 250℃ with a sound magnitude of 
115.6 dB and corresponding input voltage of 190 V. As the input voltage to the cartridge heaters 
increases, the sound pressure level (SPL) increases as well, which is expected. The magnitude 
of the electricity generated by the audio loudspeaker was directly proportional to the magnitude 
of the heat input with the highest output voltage of 2362 mV corresponding to the input voltage 
of 190 V as depicted in Table 4.3. It should be noted that, the addition of the third engine stage 
in a travelling-wave loop increases the output voltage. Results of three-stage configuration are 
shown in Table 4.3 and graphically represented in Figure 4.10. 
 
Figure 4.10: Generated voltage and onset time as a function of input voltage (three stage configuration) 
Table 4.3: three stage configuration results  
Voltage 
supply [V] 
Sound 
level [dB] 
Onset time 
[Min: Sec] 
Onset temperature difference [℃] Output 
voltage 
[mV] TAE 1 TAE 2 TAE 3 
190 194.3 2:09 231.67 228.64 220.34 2362 
180 188.7 3:37 250.67 246.34 234.18 2260 
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170 183.5 4:23 274.34 258.47 248.67 2169 
160 174.3 5:07 288.34 270.68 261.61 2050 
150 166.1 6:02 309.33 293.35 288.43 1941 
 
4.4.3 Frequency spectrum of the emitted sound: three stage configuration) 
The total length of the travelling-wave thermo-acoustic engine is 3560 mm, and the third stage 
was placed at a distance of 640 mm away from stage two. The maximum recorded average 
sound pressure level (SPL) produced by the three-stage travelling-wave system is 194.3 dB 
corresponding to an output voltage of 2362 mV. The resonant frequency estimated 
experimentally was approximately 90 Hz corresponding to the first highest peak as shown in 
Fig. 4.11. Interestingly, this value is closer to the theoretical value of the resonant frequency 
estimated to be 97 Hz and lower than the resonant frequency obtained with two-stage 
configuration.     
 
Figure 4.11: Frequency spectrum of sound output (three-stage configuration) 
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4.4.4 Sound pressured level as function of power input: three stage configurations 
The addition of the third stage increases the sound pressure level (SPL). The highest measured 
sound pressure level is about 194.3 dB corresponding to the highest input voltage of 190 V. 
Figure 4.12 shows that an increase of the input power results in an increase in the sound 
pressure level. 
 
Figure 4.12: Sound pressure level as a function of the input voltage (three stage configuration) 
4.5 Four stage travelling-wave thermo-acoustic system  
The design, construction and experimental evaluation of a four-stage loop-tube travelling-wave 
thermo-acoustic electricity generator has been presented and discussed in this section. The 
design includes four identical stages with an audio loudspeaker. This experimenta l 
investigation covers a number of aspects. Firstly, effect of increasing number of engine stages 
has been evaluated. Secondly, the onset temperature difference across the regenerator is 
measured and discussed. Lastly, sound pressure level and frequency are also measured and 
compared with the one obtained in a three stage thermo-acoustic system. 
4.5.1 Evolution of temperature as function of time: four stage configurations 
During the experiment, electrical power was supplied to the cartridge heaters at a maximum 
voltage range of 150 to 190 V to each engine stage. The temperatures of the regenerator were 
measured via thermocouples. The onset temperature difference across the regenerator was 
determined to be 200.19℃ at the highest heating voltage of 190 V. The time taken by the 
engines to produce sound was determined to be 105 seconds. The addition of the fourth-stage 
decreases the onset temperature difference as well as the onset time. The results obtained in 
this experimental investigation, reveals that the input power is inversely proportional to the 
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onset temperature difference. The influence of the onset temperature on the performance of the 
thermo-acoustic system reveals that an increase of the heating temperature from 170℃ to 190℃ 
result in an increase of the corresponding sound pressure level (SPL) from 161.2 dB to 219.3 
dB. It appears that four-stage travelling-wave thermo-acoustic system could potentially 
constitute a better solution in order to utilize low-grade waste heat to generate electric power. 
The experiment took 15 minutes to reach a maximum temperature difference of 698.3℃. After 
8 minutes the cold heat exchanger was maintained at 22℃ .This experiment was conducted at 
atmospheric pressure and ambient room temperature. Figure 4.13 shows a plot for the 
temperature difference as a function of time. 
 
Figure 4.13: temperature difference across the regenerator (four stage configuration) 
4.5.2 Generated voltage: four stage configurations  
The power supply is fed to the hot heat exchangers, which in turn transfers it to the regenerator. 
The heat generated by the hot heat exchanger heats up the first side of the regenerator and part 
of this heat reaches the other side of the regenerator by conduction. The temperatures from both 
heat exchangers rises up and when they reach a threshold temperature, the system start to 
produce a sound. The minimum temperature that could produce a sound was 178.3℃ with a 
sound magnitude of 219.3 dB and corresponding voltage of 190 V. The audio loudspeaker was 
used to convert the generated sound into electric power. The magnitude of the electric ity 
generated by the audio loudspeaker is directly proportional to the magnitude of the heat input 
with the highest output voltage of 4.218 V corresponding to the input voltage of 190 V as 
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depicted in Table 4.4. It appears that the addition of the fourth engine stage in a travelling-wave 
loop increase the output voltage, while decreasing the onset temperature on each stage in the 
system. Based on the promising results, this travelling-wave four-stage configuration will be 
the bases for further development and commercialization of low temperature thermo-acoust ic 
systems for waste heat recovery and solar heat powered cooling systems. The results of four-
stage configuration are shown in Table 4.4 and graphically represented in Figure 4.14.  
 
Figure 4.14: Generated voltage and onset time as a function of input voltage (four stage configuration) 
Table 4.4: Four stage configuration results  
Voltage 
supply 
[V] 
Sound 
level 
[dB] 
Onset time 
[Min: Sec] 
Onset temperature difference [℃] Output 
voltage 
[mV] TAE 1 TAE 2 TAE 3 TAE 4 
190 219.3 1:45 231.67 228.64 220.34 200.19 4218 
180 213.7 2:35 250.67 246.34 234.18 212.23 4183 
170 204.8 3:27 274.34 258.47 248.67 227.93 4098 
160 183.9 4:18 288.34 270.68 261.61 238.65 3988 
150 161.2 5:47 309.33 293.35 288.43 253.81 3838 
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4.5.3 Frequency spectrum of the emitted sound: four stage configurations 
The total length of the travelling-wave system is 3560 mm, and each engine stage is placed at 
a mutual distance of 640 mm. The maximum recorded average sound pressure level (SPL) 
produced by the four-stage travelling-wave system is 219.3 dB corresponding to an output 
voltage of 4.218 V. The resonant frequency estimated experimentally was approximately 90 
Hz corresponding to the first highest peak as shown in Fig. 4.15. Interestingly, this value is 
closer to the theoretical value of the resonant frequency estimated to be 97 Hz and relative ly 
similar to the resonant frequency obtained with the three-stage configuration. 
 
Figure 4.15: Frequency spectrum of sound output (four-stage configuration) 
4.5.4 Sound pressure level as function of power input: four stage configurations  
It appears that the addition of the fourth stage in the travelling-wave loop increases the sound 
pressure level (SPL). The highest measured sound pressure level is about 219.3 dB 
corresponding to the highest input voltage of 190 V. Figure 4.16 shows that an increase of the 
input power results in an increase in the sound pressure level. 
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Figure 4.16: Sound pressure level as a function of the input voltage (four stage configuration) 
4.6 Summary of experimental results  
An experimental investigation has been done for both single stage and multiple stage in order 
to measure the onset temperature difference, onset time, sound pressure level (SPL) and 
electricity generated. The volume flow rate of water entering the cold heat exchanger was also 
measured with the glass beaker and stopwatch. 
Single stage engine reached an onset temperature difference of 231.67℃ after 217 seconds. 
The maximum recorded average sound pressure level (SPL) produced by single-stage 
travelling-wave system is 136.3 dB corresponding to an output voltage of 834 mV.  
Two stage travelling-wave engine reached an onset temperature difference of 228.64℃ after 
145 seconds. The maximum recorded average sound pressure level produced by two-stage 
system is 170.3 dB corresponding to an output voltage of 1550 mV. 
Three-stage travelling-wave system reached an onset temperature difference of 220.34℃ at the 
highest heating voltage of 190 V. The time taken by the engines to produce sound was 
determined to be 129 seconds. The maximum recorded average sound pressure level produced 
by two-stage system is 194.3 dB corresponding to an output voltage of 2362 mV. 
Four-stage travelling-wave system reached an onset temperature difference of 200.19℃ after 
105 seconds. The maximum recorded average sound pressure level produced by two-stage 
system is 219.3 dB corresponding to an output voltage of 4218 mV.  
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Chapter 5: Conclusion and recommendations  
---------------------------------------------------------------------------------------------------------------- 
5.1 Introduction  
The research work reported here has addressed the important issues related to electric power 
generation. All the research outcomes have successfully met the overall aim and objectives of 
this work which were stated at the beginning of the dissertation. The achievements of this 
research work are detailed in the following section of this chapter. Some suggestions for the 
future work are given in the last section of this chapter.   
5.2 Conclusion  
Four stage travelling-wave thermo-acoustic system with audio loudspeaker as alternator was 
constructed and successfully tested to generate acoustic power. This experiment was conducted 
at atmospheric pressure and ambient room temperature. The working fluid used for the thermo -
acoustic system was air. Each engine stage were placed at the mutual distance of 640 mm and 
all the engine stages were identical. Each engine stage were tested separately and they were 
combined in a travelling-wave loop afterward. Through the process of assembling different 
components, an elastic membrane was used to eliminate the Gedeon streaming in the thermo-
acoustic engine, which was placed 200 mm away from the hot heat exchanger inside the 
resonator.   
 With respect to single stage thermo-acoustic system: Single stage thermo-acoust ic 
system was constructed and successfully tested in order to generator acoustic power. 
The influence of the electrical heating power on the sound pressure level was 
investigated. Higher electrical heating input results in higher radiated sound. One of the 
interesting finding from this experimental research is the relationship between the onset 
time and the input voltage. It was noted that the higher the supply voltage is, the lower 
the onset time required to generate a sound-wave.  
 With respect to two-stage thermo-acoustic system: The onset temperature difference 
across the regenerators was determined to be less as compared to the one of the single-
stage. The time taken by the engines to produce sound was also reduce to 145 seconds. 
The influence of the onset temperature on the performance of the thermo-acoust ic 
engine reveals that an increase of the heat input result in an increase of the sound 
pressure level (SPL). The number of engine stages is directly proportional to the 
magnitude of the acoustic power generated. The selection of the number of engine 
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stages has been done carefully in order to ensure that there is a compromise between 
the working temperature and the system performance.  
 With respect to three-stage thermo-acoustic system: The time taken by the engines to 
produce sound was determined to be less as compared to two-stage configura t ion 
system. The addition of the third engine stage has an impact of the onset temperature 
difference as well as on the acoustic power generated by the system. It was noted that 
the increase on the number of engine stages causes an increase on the acoustic power 
generated and a decrease on the onset temperature difference across the regenerator.  
 With respect to four-stage thermo-acoustic system: The onset temperature difference 
across the regenerator was reduced to be 200.19℃ . The stage number (or the number 
of units) has an impact on the onset temperature and the efficiency of regenerator. It 
was noted that the increase on the number of engine stages, cause an increase on the 
acoustic power generated. Larger number of engine stage results in lower onset 
temperature difference. The thermal efficiency of four-stage travelling-wave thermo-
acoustic system with looped configuration was significantly affected by the thermal 
loss carried by the streaming known as Gedeon streaming. Gedeon streaming appears 
in an oscillating flow when there is loop. The results obtained in this experimenta l 
investigation reveals that a four-stage travelling-wave thermo-acoustic system can be a 
solution to utilize low-grade waste heat to generate electricity for developing countries 
and rural areas.  
5.3 Recommendations  
There are numbers of further steps that need to be taken into consideration in order to deliver 
a higher electrical output power (broadly in a range of 10 to 20 KW). This could be achieved 
using a number of approaches which include, geometrical scale-up of the thermo-acoust ic 
system, improvements in the construction of the heat exchangers, and the selection of audio 
loudspeaker with more favorable characteristics. Another improvement recommended area for 
future work would be to have regenerator cut to have a precise fit to the regenerator tube. This 
will assist in building pressure in the resonator and to assist the model to reach onset 
temperatures quicker.   
In addition, it is crucial to understand the flow field within thermo-acoustic engine in order to 
deal with the issue of efficiency which appear to be the reason why this sustainable technology 
is not adopted as it should. Therefore, in order to study the complexity of the flow at the 
extremities of the regenerator due to the discontinuities at the cross-section. Future work could 
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explores the use of Particle Image Velocimetry for the flow field measurement. In order to 
characterize temperature distributions of thermo-acoustic regenerators, the IR imaging camera 
must be used and the four stage travelling-wave thermo-acoustic system must be designed and 
constructed with a polycarbonate pipes. The visual IR images will enhance the understanding 
of the dynamic processes of onset and damping without and with Gedeon streaming in the loop 
tube of the travelling-wave thermo-acoustic system. IR visual images can supply abundant 
information of temperature field to support the theoretical study, such as Computational Fluid 
Dynamics (CFD).   
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Appendices 
A.1: properties of saturated water 
 
Figure A.1: Properties of saturated water (adapted from ref. [116, 117]) 
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A.2: properties of air  
 
Figure A.2: Properties of air (Properties of air (adapted from ref.  [116, 117]) 
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A.3: Molar mass, gas constant, and ideal-gas specific heats of some 
substances 
 
Figure A.3: Molar mass, gas constant and ideal-gas specific heats of some substances (adapted from ref.  
[116, 117]) 
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A.4: Speed of sound at different temperatures  
 
Figure A.5: Speed of sound at different at different temperatures (adapted from ref. [116, 117]) 
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A.5: Cartridge heat specification 
 
Figure A.5: Cartridge heat specifications  
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Appendix B: Additional details of the prototype  
 
B.1: Pipe fittings  
 
Figure B.1: pipe fittings by inventor  
B.1.1: Elbow pipe fitting (dimensions) 
 
Figure B.1.1: Elbow pipe fitting  
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B.1.2: Three-way pipe fitting (dimensions) 
 
Figure B.1.2: Three-way pipe fitting (dimensions) 
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B.2: Four-stage travelling-wave thermo-acoustic engine  
 
 
Figure B.2: Four-stage travelling-wave thermo-acoustic engine by inventor 
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B.3: Copper pipe, clear tubbing pipe and gasket  
 
Figure B.3: Copper pipe, clear tubbing pipe and gasket (inventor) 
 
B.4: Flanges and steel pipe  
 
Figure B.4: Flanges and steel pipes  
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B.4: Flanges (dimensions) 
 
Figure B.4: Flanges (dimensions)  
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B.5: Bolt and nut (dimensions) 
 
Figure B.5: Bolt and nut (dimensions) 
 
 
 
 
 
 
 
 
 
 
 
 
 
201221144 
 
Page | 111 
 
B.6: Steel reducer (dimensions) 
 
Figure B.6: Steel reducer (dimensions)  
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B.7: Regenerator tube (dimensions) 
 
Figure B.7: Regenerator tube (dimensions) 
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C.1: Graphs 
C.1.1: Temperature difference and sound pressure level (SPL) as function 
of input voltage (Single stage configuration)  
 
Figure C.1.1: Temperature difference and sound pressure level (SPL) as function of input voltage (Single 
stage configuration) 
C.1.2: Temperature difference and sound pressure level (SPL) as function 
of input voltage (Two-stage configuration) 
 
Figure C.1.2: Temperature difference and sound pressure level (SPL) as function of input voltage (Two-
stage configuration) 
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C.1.3: Temperature difference and sound pressure level (SPL) as function 
of input voltage (Three-stage configuration) 
 
Figure C.1.3: Temperature difference and sound pressure level (SPL) as function of input voltage (Three 
stage configuration) 
C.1.4: Temperature difference and sound pressure level (SPL) as function 
of input voltage (Four-stage configuration) 
 
Figure C.1.4: Temperature difference and sound pressure level (SPL) as function of input voltage (Four- 
stage configuration) 
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D.1: Websites 
Different components of the prototype can be found on the following links:  
https://drive.google.com/drive/folders/1HJOIWNja540rHA9-
eKAd27ld2hLJDw7S?usp=sharing 
https://drive.google.com/drive/folders/1xJestIUI4M7xnDcNvpj0VX5HJhhwkhgf?usp=sharin
g 
https://drive.google.com/drive/folders/1w5alxndH9GHejkZoFDzT11yK2R-
8cigg?usp=sharing 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
